
 

  

ARENBERG DOCTORAL SCHOOL 

FACULTY OF SCIENCE 

December 2014 

Modalities of anisotropy of magnetic 
susceptibility in fine-grained sedimentary rocks 
deformed in a contraction-dominated setting 
 
 
A case study of the Central Armorican Domain, Brittany, France 

Tom Haerinck 

Dissertation presented in partial 

fulfilment of the requirements for the 

degree of Doctor of Science 

 

November 2014 

Supervisors: 

Prof. Dr. Manuel Sintubin 

Dr. Timothy N. Debacker 



 



Modalities of anisotropy of magnetic susceptibility 
in fine-grained sedimentary rocks deformed in a 
contraction-dominated setting 
 
 
A case study of the Central Armorican Domain, Brittany, France 

TOM  HAERINCK 

Supervisors: 

Prof. Dr. Manuel Sintubin 

Dr. Timothy N. Debacker 

(FROGTECH Ltd.) 

 

Members of the 

Examination Committee: 

Prof. Dr. Noël Vandenberghe 

Prof. Dr. Ann M. Hirt 

(ETH-Zürich) 

Prof. Dr. Philippe Muchez 

Prof. Dr. Jan Elsen 

Prof. Dr. Sarah Fowler 

Dissertation presented in 

partial fulfilment of the 

requirements for the 

degree of Doctor of 

Science 

  

ARENBERG DOCTORAL SCHOOL 

FACULTY OF SCIENCE 

November 2014 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© KU Leuven, Science, Engineering & Technology 

Uitgegeven in eigen beheer, Tom Haerinck, Heverlee. 

 

Front cover: Photograph showing rocks of the Plougastel Fm. in the Kerguillé – Lostmarc‘h section on 

the Crozon peninsula. Insets: Crystal structure of chloritoid after Klein et al. 2002 and AMS orientation 

data in the rotated sample coordinate system of outcrop zone MASB06. 

 

Alle rechten voorbehouden. Niets uit deze uitgave mag worden vermenigvuldigd en/of openbaar 

gemaakt worden door middel van druk, fotokopie, microfilm, elektronisch of op welke andere wijze ook 

zonder voorafgaande schriftelijke toestemming van de uitgever. 

 

All rights reserved. No part of the publication may be reproduced in any form by print, photoprint, 

microfilm, electronic or any other means without written permission from the publisher. 

 

ISBN number 978-90-8649-772-0 

Legal depot number D/2014/10705/80 

ISSN number 0250-7803 

Aardkundige Mededelingen 45 



i 

Tommeke, Tommeke, Tommeke, wat doe je nu! 

Ik zal weliswaar wellicht nooit wereldkampioen 

wielrennen worden, het afronden van dit 

doctoraat is ook een knalprestatie. Bovendien 

kan het parcours dat ik de afgelopen vier jaar 

heb afgelegd best met een lastige koers 

vergeleken worden. Er waren stukken waar het 

wat vlotter bolde, maar ook vele lastige 

passages waar het stoempen was geblazen. 

Vooral de ‗slotklim‘, die het schrijven van de 

thesis was, heeft bij momenten pijn gedaan. 

Gelukkig waren er tijdens de voorbije vier jaren 

vele mensen die me geholpen hebben om de 

eindmeet te halen. Zonder hen was dit 

doctoraatsonderzoek ongetwijfeld op een ferme 

‗chasse patate‘ uitgedraaid. Dit woordje van 

dank is aan jullie allen gericht. 

Net zoals een renner in de koers kan steunen 

op de goede raad van ervaren ploegleiders, 

werd ik bijgestaan door mijn supervisors Manuel 

en Tim. Het FWO projectvoorstel dat zij 

schreven vormde de basis voor dit onderzoek. 

Tim effende het pad voor magnetische 

maakselanalyses in Leuven en introduceerde 

me in dit onderzoeksdomein tijdens mijn 

masterthesis. Tijdens het doctoraatsonderzoek 

ruilde je Gent in voor een plekje aan de andere 

kant van de wereld, eerst in Auckland en daarna 

Canberra. Dit betekende echter geenszins het 

einde van onze samenwerking. Via regelmatige 

skype sessies bespraken we de voortgang van 

het onderzoek en de betekenis van de bekomen 

resultaten. Je bleef me motiveren en daagde me 

ook steeds uit om verder te gaan. Zeker toen we 

in de ‗hockey stick patronen‘ – of zijn het nu 

boomerangs – een parallel vonden tussen dit 

werk en jouw AMS projecten in Nieuw Zeeland. 

Ook je verbeterwerk op het einde was 

nauwgezet. Een dikke merci is dus zeker op zijn 

plaats. Manuel was de ploegleider die 

dagdagelijks bij het hele project betrokken was. 

Als ik er nood aan had, stond je steeds klaar 

met goede raad. Tijdens onze gezamenlijke 

terreincampagnes in Bretagne deelde je steeds 

je inzichten en leerde je me nauwgezet de 

ontsluitingen analyseren. Eens je zag dat het 

onderzoek goed vertrokken was, gaf je me de 

vrijheid om mijn eigen pad uit te stippelen. 

Hierbij spoorde je me steeds aan om aan talrijke 

internationale congressen deel te nemen, vaak 

inclusief boeiende excursie, en om verdere 

analyses uit te voeren in Zürich en Minneapolis. 

Bedankt voor deze kansen! Ook bood je me de 

mogelijkheid om samen in Leuven het 

‗DRT 2013‘ congres te organiseren en om de 

tweejaarlijkse ‗Continental Tectonics‘ excursie 

mee in goede banen te leiden. Twee bijzonder 

boeiende opdrachten, waar ik zelf ook veel uit 

geleerd heb. 

Naast beide supervisors, zijn er nog een 

heleboel andere mensen op wiens hulp en raad 

ik de afgelopen vier jaar heb kunnen rekenen. 

First of all, I am very grateful to the other 

members of the examination committee, 

professors Philippe Muchez, Noël 

Vandenberghe, Jan Elsen, Sarah Fowler and 

Ann Hirt, for their careful reading of the 

manuscript and the fruitful discussion we had 

about all aspects of the work. 

Ann, you deserve a special thanks for the warm 

welcome you have always given me during my 

visits to the magnetism lab on the Adlisberg in 

Zürich. I also appreciate that during the course 

of these visits you always found some time to 

discuss the obtained results with me. Bei diese 

Besuche, Hans-Peter war immer da um mich bei 

allen technischen Fragen zu helfen. Vielen Dank 

und entschuldig mich für alle gebrochenen 

Probenhalter. For the science questions and 

numerous Matlab problems, I could always rely 

on Andrea. Also after the visits, you kept 

answering all my emails securely. I‘m happy to 

see you have defended your PhD successfully 

and wish you good luck in Norway! Besides the 
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trips to Zürich, I have also visited the Institute for 

Rock Magnetism in Minneapolis twice as a 

visiting fellow. This work benefited a lot of these 

visiting fellowships and the fruitful discussions I 

had at the institute with Mike, Josh, Dario and 

Nick. Their hospitality, the Friday afternoon 

whiskey and the blindfolded drawing of pigs 

made my time in Minneapolis a very pleasant 

one. I would also like to thank Pete for the 

technical assistance during these visits. 

The synchrotron X-ray diffraction experiment 

and the calculation of the 3-phase model 

described in section 6.3 were carried out by 

Prof. Dr. Rudy Wenk. Thank you Rudy. Bij de 

voorbereiding en interpretatie van de XRD 

analyses werd ik vakkundig bijgestaan door 

Rieko. Een dikke merci voor alle tijd die je hierin 

gestoken hebt en veel succes met je eigen 

verdediging. Elvira stond dan weer klaar om me 

te helpen bij de geochemische analyses. 

Eveneens van harte bedankt. Ook Herman, voor 

de hulp bij het zagen van de AMS kubusjes, en 

Ria, voor alle administratieve taken, mag ik hier 

zeker niet vergeten. Heel hard bedankt allebei! 

Een renner kan uiteraard niet zonder sponsor. 

Marc Coucke gaf niet thuis maar gelukkig kon ik 

voor dit onderzoeksproject rekenen op de steun 

van het FWO Vlaanderen. The two research 

stays as Visiting Fellow at the Institute for Rock 

Magnetism in Minneapolis were made possible 

through funding by the ‗Instrumentation and 

Facilities program‘ of the ‗National Science 

Foundation, Earth Science Division (USA)‘ and 

by the University of Minnesota. Voor het tweede 

verblijf in Minneapolis kon ik ook op steun 

rekenen van het FWO Vlaanderen, via een 

reistoelage voor een kort studieverblijf in het 

buitenland, en van de Academische Stichting 

Leuven. 

Een koers rijd je in ploeg. Ook ik kon de laatste 

4 jaar op een bende (structurele) teamgenoten 

rekenen. Toen ik aan dit project startte in het 

najaar van 2010 kwam ik terecht bij drie oude 

knarren, Hervé, Isaac en Koen, die toen alle drie 

in volle eindspurt waren. Desalniettemin heerste 

er een goede ambiance op de bureau en werd ik 

vlotjes wegwijs gemaakt in het leven als 

doctorandus. Het is leuk om te zien dat jullie na 

het vertrek uit de 200E alle drie je carrière 

succesvol hebben verder gezet, en dat er dus 

leven is na de structurele geologie! Na een 

jaartje kwamen Tine en Koen erbij. Onze 

onderwerpen weken misschien sterk af van 

elkaar maar dit belette allerminst dat we steeds 

met elkaar van gedachten konden wisselen over 

onze onderzoeken. Het was vaak ook erg leuk 

in de 02.217 met ons drie, soms zelfs een beetje 

zotjes. Merci voor alle steun, het gezelschap en 

het samen op congres gaan. De excursie met 

Tine naar Corsica en Sardinië was echt een 

topper. Nog een jaar later vervoegde ook 

Dominique het team. Vier structurele musketiers 

dus. Veel succes met het afronden van jullie 

onderzoek alle drie. De temps en temps, notre 

équipe est été rejoint par Louis et à ces 

moments il y avait encore plus de plaisir dans le 

bureau. Merci Louis et bonne chance avec ton 

carrière à Lubumbashi. Na Tine, heb ik ook nog 

Joris en Nelis mogen begeleiden bij hun 

masterthesis onderzoek. Tof dat jullie deze 

uitdaging zijn aangegaan en veel succes in de 

toekomst. 

Naast het structurele groepje was er een nog 

heel peloton van fijne collega‘s die de afgelopen 

vier jaar, of een deel ervan, samen hebben 

afgelegd. De regelmatige bevoorradingen met 

koffie en taart waren onontbeerlijk. Een 

bijzonder woordje van dank aan mijn 

generatiegenoten Katrijn, Jorik en Mathias, me 

wie ik een parcours van 9 jaar aflegde in 

Leuven. Merci voor de collegiale steun toen we 

samen aan onze thesissen schreven, zowel 

voor ons doctoraat afgelopen jaar als vier jaar 

terug de masterthesis. Verder heb ik ook 

bijzonder fijne herinneringen aan de fietstochten 

steevast op een Groot Verzet (merci Koen en 

andere wielergekken), onze triomf in het 

Leuvense Kubb kampioenschap 

(Kampioneeeeeuuuuh!!), de jaarlijkse uitstap 

naar de cross in Diegem (komaaan Sven!), onze 

ijshockeywedstrijdjes (leve het roze team), de 

vele feestjes (vaak tot in de vroege uurtjes, daar 

zorgde Carl wel voor) de lachbuien van Bene en 

Helen (en of dat ze aanstekelijk zijn) en het 

bespreken van Hannes zijn liefdesperikelen met 

Marijke (veel beter dan elke soap op tv). Dikke 

merci allemaal en we gaan mekaar zeker nog 

zien als het aan mij ligt! 

Buiten dit peloton fijne collega‘s waren er 

gelukkig nog een hele hoop mensen die me er 

aan herinneren dat er een leven is buiten de 

koers, excuseer het doctoraatsonderzoek. Aan 

de huisgenoten van het huisje op de 
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Naamsesteenweg, Didier, Zowfie, Katharine, 

Bo, Jorik en Katrijn, merci voor alle fijne 

avonden dat eerste jaar, en gelukkig ook nog 

vaak nadien. Pieterjan en Els, merci voor de 

spannende verhalen uit Afrika en de leuke 

bezoekjes en uitstapjes samen met Hannes. 

Wanneer ik ‘s avonds of in het weekend nog 

energie over had kon ik die steeds kwijt op de 

terreinen van rugbyclub Leuven. Merci gasten. 

Mijn ouders wil ik bedanken voor alle kansen die 

ze me hebben gegeven en omdat ze me altijd 

voluit hebben gesteund in de keuzes die ik 

maakte op basis van deze kansen. Ze deden dit 

ook wanneer het voor hen minder voor de hand 

lag, bv. toen ik na mijn middelbaar besloot een 

jaartje naar Australië te trekken. Heel hard 

bedankt mama en papa! 

En dan rest er nog één, heel bijzonder iemand. 

Laura, jij legde heel het parcours met me af en 

hebt als goede rennersvrouw mij daarbij altijd 

onvoorwaardelijk gesteund. Hierbij had je vaak 

meer vertrouwen in een goede afloop dan ik zelf 

en stelde je me steeds gerust dat het allemaal 

wel ging lukken met die thesis. Maar bovenal, of 

het nu in ons tentje was boven op een berg in 

Lapland of in de zetel bij ons thuis met een 

warme tas thee, jij bent er de voorbije vier jaar in 

geslaagd om de kleine dingen des levens 

samen heel bijzonder te maken. Ik kan me deze 

rit zonder jou dan ook niet voorstellen. Ons 

parcours gaat samen nog een heel stuk verder 

en daar kijk ik heel hard naar uit! Bedankt lieve 

Laura!
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An integrated rock-magnetic and mineralogical 

approach is performed for a case study of low-

grade metasedimentary rocks from the Central 

Armorican Domain (CAD). The objective is 

twofold. Firstly, gaining a better understanding 

of the relation between the mineral sources of 

magnetic susceptibility and the anisotropy of 

magnetic susceptibility (AMS). Secondly, 

verifying whether the magnetic fabrics have a 

potential as a regional strain marker. For this 

goal, a lithostratigraphical reference unit, which 

consists of homogeneous siltstone beds (HSB), 

is sampled in four distinct research areas, i.e. 

the Crozon south (CS) and Crozon north (CN) 

research area on the Crozon peninsula and the 

Monts d‘Arrée slate belt (MASB) and Montagnes 

Noires slate belt (MNSB) research area in the 

inland CAD. 

It was found that the magnetic fabrics of the 

HSB samples from the four research areas 

dominantly reflect two different magnetic fabric 

types. On the one hand, a type III intermediate 

magnetic fabric, which is composed of bedding-

parallel and a cleavage-parallel component 

fabric, and on the other hand, a type IV tectonic 

magnetic, which reflects a single cleavage-

parallel fabric. Hence, the magnetic fabrics 

seems to show a general, progressive evolution 

that is typical for rocks that have been affected 

by a coaxial, contraction-dominated 

deformation. There is, however, no systematic 

regional pattern in the occurrence of these 

different magnetic fabric types. Both types occur 

in all four research areas, whereas the four 

research areas each have their own typical 

deformation characteristics. 

Remanence experiments, low temperature and 

high-field AMS experiments demonstrate that 

the magnetic signal of the HSB samples is 

strongly dominated by their paramagnetic 

phases. A mineralogical analysis revealed that 

there is a difference in the paramagnetic 

mineralogy of the HSBs from the Crozon 

peninsula, i.e. an anchizonal metamorphic 

mineral assemblage with white mica and 

chlorite, and the HSBs from the inland slate 

belts, i.e. an epizonal metamorphic mineral 

assemblage with white mica and chloritoid. 

Because of its strong magnetic susceptibility 

(high FeO content), chlorite is the dominant 

mineral in the former mineral assemblage. For 

the same reason, chloritoid is the dominant 

magnetic mineral in the epizonal mineral 

assemblage. As we found that the intrinsic 

magnetic anisotropy of chloritoid is much 

stronger than that of chlorite, the magnetic 

anisotropy from the Crozon peninsula and those 

from the inland slate belts cannot be compared 

directly and should be treated separately. 

An independent texture analysis for a single, 

chloritoid-bearing specimen of the MASB shows 

that the orientation of the muscovite, chloritoid 

and chlorite fabric matches the orientation of the 

magnetic fabric. However, a calculation of the 

AMS tensor of a 3-phase model from the 

obtained mineral fabrics and the intrinsic 

magnetic anisotropy of these three phases, 

shows that weighted average of the 

magnetocrystalline anisotropy of the different 

phases seems not sufficient to explain the 

measured magnetic anisotropy. The reason for 

this discrepancy remains unclear to date. Until 

this issue is solved, we have to conclude that 

the anisotropy of the magnetic and mineral 

fabric do not match and hence, the magnetic 

fabric cannot be used as a reliable proxy for the 

mineral fabrics. 

Despite this shortcoming, there are still a 

number of conclusion that can be drawn from 

the regional magnetic fabric datasets. Firstly, 

besides the influence of the metamorphic 

mineral assemblage, we found that there are 

two other boundary conditions that are not 

stable for the entire dataset and hence, that 
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appear to affect the magnetic fabric 

development. These are (1) composite magnetic 

fabric variations due to an influence from the 

angle between the bedding-parallel and the 

cleavage-parallel component fabric and (2) 

compositional variations due to an influence 

from the quartz to total ‗clay‘ ratio. Therefore, 

the magnetic anisotropy of the HSBs cannot be 

uniquely related to the tectonic strain in the 

CAD, even when the issue of the quantitative 

relationship between the magnetic and mineral 

fabric can be clarified. Secondly, by comparing 

the magnetic fabric development for specimens 

with similar boundary conditions, we can 

conclude that for the Crozon peninsula there is 

generally a higher amount of strain for the CN 

research area than for the CS research area 

and for the inland slate belts, there is generally a 

higher strain for the MASB research than for the 

MNSB research area. 

The experience obtained during the case study 

from the CAD is used to propose a proper 

workflow for other regional magnetic fabric 

studies. This workflow describes an integrated 

rock magnetic and mineralogical approach, 

which is much more time consuming than 

merely a standard low-field AMS analysis. 

However, it does allow the researcher to 

validate (1) whether the magnetic fabric is 

related to the mineral preferred orientations and 

(2) whether the magnetic/mineral fabric can be 

related to variations in tectonic strain. Only if 

both conditions are met, one can try to establish 

a correlation between the magnetic anisotropy 

and the tectonic strain. Based on our 

experience, we suggest that future magnetic 

fabric studies focus on extending the database 

of mineral‘s magnetic susceptibility and their 

intrinsic anisotropy to further investigate the 

relationship between the mineral sources of 

magnetic susceptibility and AMS. The modeling 

approach seems very promising to eventually 

allow a better assessment of the limits and 

conditions for quantitative interpretations of 

magnetic fabrics. 
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Een geïntegreerde gesteente-magnetische en 

mineralogische methode is uitgevoerd op een 

gevallenstudie van laaggradige meta-

sedimentaire gesteenten van het Centraal 

Armoricaanse Domein (CAD). Het doel is 

tweeledig. Ten eerste, tot een beter begrip 

komen van de relatie tussen de mineralogie die 

de magnetische susceptibiliteit veroorzaakt, en 

de anisotropie van de magnetische 

susceptibiliteit (AMS). Ten tweede, nagaan of de 

magnetische maaksels het potentieel hebben 

om de regionale vervorming in het CAD, zowel 

qua oriëntatie als intensiteit, weer te geven. 

Voor dit doel hebben we een lithostratigrafische 

referentie eenheid, bestaande uit homogene 

siltsteenlagen (HSL), bemonsterd in vier 

studiegebieden. Deze zijn het Crozon Zuid en 

het Crozon Noord studiegebied op het Crozon 

schiereiland en de Monts d‘Arrée leisteengordel 

en de Montagnes Noires leisteengordel uit het 

binnenland van het CAD. 

We hebben vastgesteld dat de magnetische 

maaksels van de HSL stalen uit de vier 

studiegebieden dominant twee types reflecteren. 

Dit zijn enerzijds type III intermediaire 

magnetische maaksels, bestaande uit een 

gelaagdheidparallel en een splijtingparallel 

deelmaaksel, en anderzijds type IV tektonische 

magnetische maaksels, dewelke een zuiver 

splijtingsparallel maaksel hebben. De 

magnetische maaksels in het CAD vertonen dus 

een algemene, progressieve evolutie die typisch 

is voor gesteentes die een coaxiale vervorming 

in een dominant compressie regime hebben 

ondergaan. Er zit echter geen systematisch 

regionaal patroon in het voorkomen van de 

verschillende types magnetisch maaksels. Beide 

types komen voor in alle vier de studiegebieden, 

hoewel deze elk hun eigen 

vervormingskarakteristieken hebben. 

Magnetische remanentie experimenten en AMS 

metingen bij lage temperatuur en met sterke 

magnetische velden, tonen aan dat het 

magnetisch signaal in de HSL stalen sterk 

gedomineerd wordt door paramagnetische 

fasen. Een mineralogische analyse toont aan 

dat er een verschil is in de paramagnetische 

mineralogie van de HSL stalen uit het Crozon 

schiereiland, i.e. een anchizone metamorfe 

assemblage met witte mica en chloriet, en die 

van de HSL stalen uit de binnenlandse 

leisteengordels, i.e. een epizone metamorfe 

assemblage met witte mica en chloritoide. 

Omwille van zijn hoge FeO concentratie en 

magnetische susceptibiliteit, is chloriet het 

dominante magnetische mineraal in de eerste 

genoemde assemblage. Om dezelfde reden is 

dit in de epizone assemblage chloritoide. 

Aangezien we hebben vastgesteld dat de 

intrinsieke magnetische anisotropie van 

chloritoide veel sterker is dan de intrinsieke 

magnetische anisotropie van chloriet, kan de 

magnetische anisotropie van de HSL stalen uit 

het Crozon schiereiland en van die uit de 

binnenlandse leisteengordels niet met elkaar 

vergeleken worden. 

Een onafhankelijke maakselanalyse van een 

chloritoide-houdend specimen uit de Monts 

d‘Arrée leisteengordel toont dat de oriëntatie 

van de muscoviet, chloritoide en chloriet 

maaksels overeenkomt met de oriëntatie van 

het magnetische maaksel. Een berekening van 

de AMS tensor van een 3-fase model, bepaald 

op basis van de minerale maaksels en de 

intrinsieke magnetische anisotropie van de drie 

fasen, toont echter aan dat het gewogen 

gemiddelde van de magnetokristallijne 

anisotropie van de verschillende minerale fasen 

onvoldoende is om de gemeten magnetische 

anisotropie te verklaren. De reden voor deze 

discrepantie blijf onduidelijk, hoewel we enkele 

mogelijkheden opsommen. Tot dit probleem kan 

opgelost worden moeten we concluderen dat de 
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anisotropie van het magnetische en minerale 

maaksel niet overeenkomt. 

Desalniettemin kunnen we toch nog enkele 

besluiten trekken uit de regionale AMS dataset. 

Ten eerste, we vonden dat er naast de aard van 

de metamorfe mineraalassemblage nog twee 

andere randvoorwaarden zijn die constant zijn 

voor de hele dataset en die een invloed hebben 

op de ontwikkeling van de magnetische 

maaksels: (1) composiet magnetische maaksel 

variaties, waarbij de hoek tussen het 

gelaagdheidparallel en het splijtingparallel 

deelmaaksel van belang is, en (2) variaties in 

minerale samenstelling, waarbij de kwarts tot de 

totale klei verhouding van belang is. Door de 

invloed van deze randvoorwaarden kan de 

magnetische anisotropie van de HSL 

gesteenten niet eenduidig gerelateerd worden 

aan de hoeveelheid tektonische vervorming 

waaraan de gesteenten zijn blootgesteld. Dit zal 

zo blijven indien het probleem van de 

kwalitatieve relatie tussen het magnetische en 

minerale maaksel kan worden opgelost. Ten 

tweede, door de graad van magnetische 

maaksel ontwikkeling te vergelijken voor 

specimens met gelijkaardige randvoorwaarden 

kunnen we concluderen dat er een globaal een 

sterkere vervorming is voor het Crozon Noord 

studiegebied dan voor het Crozon Zuid 

studiegebied, en voor het Monts d‘Arrée 

leisteengordel studiegebied dan voor het 

Montagnes Noires leisteengordel studiegebied. 

De ervaring opgedaan in deze gevallenstudie is 

gebruikt om een werkschema voor te stellen 

voor andere regionale magnetische 

maakselstudies. Dit werkschema beschrijft een 

geïntegreerde gesteente-magnetische en 

mineralogische methode. Deze is veel 

tijdsintensiever dan louter de standaard AMS 

methode met zwakke magnetische velden, maar 

ze laat de onderzoeker toe om te valideren of 

(1) het magnetische maaksel kan gerelateerd 

worden aan de voorkeursoriëntatie van de 

mineralen en (2) het magnetische/minerale 

maaksel kan gerelateerd worden aan variaties in 

de hoeveelheid tektonische vervorming. Enkel 

indien aan beide voorwaarden is voldaan, kan 

men proberen om een correlatie tussen de 

magnetische anisotropie en de hoeveelheid 

tektonische vervorming te bewerkstellingen. Met 

onze ervaring, suggereren we bovendien dat 

toekomstige magnetische maakselstudies de 

database met de magnetische susceptibiliteit en 

intrinsieke anisotropie van de gesteente 

vormende mineralen uitbreiden en zo de relatie 

tussen mineralogie en AMS verder 

onderzoeken. Het modeleren van magnetische 

maaksels lijkt hierbij een veelbelovende 

methode om de limieten en voorwaarden voor 

een kwantitatieve interpretatie van magnetische 

maaksels te evalueren. 
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1.1  State of the art 

Performing both a qualitative and 

(semi)quantitative strain analysis is the core of 

modern structural geology. It implies a 

characterization of the final state of strain, i.e. 

the finite strain. This kinematic measure of 

strain tells us how much the original shape of 

geological bodies in question has changed 

during deformation. A strain analysis consists of 

measuring the direction of maximum shortening 

and elongation, determining the type of the 

strain (flattening, constriction, plane strain) and 

its intensity [cf. Ramsay and Huber, 1983]. This 

information can then be summarized in a three 

dimensional strain ellipsoid, which is usually 

described by its principal axes (X ≥ Y ≥ Z). The 

shape of the strain ellipsoid can be visualized by 

plotting the logarithm of the axial ratios ln(X/Y) 

and ln(Y/Z) as coordinate axes in a so-called 

Flinn diagram (Fig. 1.1(a)). Prolate ellipsoids 

plot on the left side of the line of plane strain 

whereas oblate ellipsoids plot on the right side 

of this line. Performing a local strain analysis on 

different sample locations throughout a given 

region, i.e. a regional strain analysis, gives a 

picture of how the strain changes on a regional 

scale. Once the regional strain analysis is done, 

it can be complemented with a dynamic 

analysis, in which structural geologists 

determine the forces and stresses responsible 

for the deformation. Together, kinematic and 

geodynamic analyses aspire to achieve a better 

understanding of the geodynamic history of the 

region in question. 

The main requisite to perform a regional strain 

analysis is the presence on a regional scale of 

specific structural elements that allow a 

determination of the finite strain, i.e. strain 

markers. Conventional strain markers are 

objects, occurring in the geological record, of 

which the original shape is well known, e.g. 

deformed fossils, spherical or ellipsoidal 

pebbles, ooids, reductions spots. Unfortunately, 

the occurrence of these objects in the geological 

record is rather rare. As a consequence, often 

only a fragmentary picture of the regional strain 

pattern can be obtained. However, in deformed 

fine-grained (meta)sedimentary rocks (i.e. 

mudstones, shales and slates) an alternative 

strain marker is omnipresent in the form of the 

orientation distribution of phyllosilicate grains, 

which are the main constituent of fine-grained 

sediments. Due to their play morphology, 

phyllosilicate grains exhibit a characteristic 

behavior with regard to deformation. Imposing a 

stress on a volume of phyllosilicate grains 

causes a complex reorientation process, in 

which different intra- and intercrystalline 

mechanisms are active. The basal planes of the 

phyllosilicate grains will evolve towards an 

orientation perpendicular to the main 

compression direction and hence, a preferred 

orientation is generated [cf. Wood and Oertel, 

1980; Oertel, 1983; Oertel, 1985; O'Brien et al., 

1987; Sintubin, 1993]. 

The March theory [1932] is an analytical 

expression of the statistical orientation behavior 

of platy marker grains with regard to a finite 

strain. It relates the morphological or shape 

preferred orientation (SPO) of phyllosilicates to 

the strain ellipsoid. As the platy morphology of 

phyllosilicates is completely determined by the 

crystal structure, which implies that the SPO and 

the crystallographic preferred orientation 

(CPO) or lattice preferred orientation (LPO) are 

nearly identical, also the phyllosilicate CPO can 

be related to the strain ellipsoid. Whereas the 

March model starts from an isotropic situation, 

natural fine-grained sedimentary rocks are 

usually compacted before the onset of 

deformation. This results in a (bedding-parallel) 

flattening fabric (stage A in Fig. 1.1(b)). Ongoing 
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Fig. 1.1: (a) The Flinn diagram plots the logarithm of the strain ratios X/Y vs. Y/Z. In the field of constriction 

(X >> Y ≥ Z) the strain ellipsoid is prolate shaped, in the field of flattening (X ≥ Y >> Z) the strain ellipsoid is oblate 

shaped. (b) Typical evolution of phyllosilicate fabric from compaction (A) to pencil cleavage (B) to slaty cleavage 

(C) to slaty cleavage with stretching lineation (VI). [Modified from Ramsay and Huber, 1983; Fossen, 2010]. 

deformation will cause a progressive change in 

the phyllosilicate fabric that is accompanied by a 

progressive change in the strain ellipsoid. 

Ramsay and Huber [1983] described the 

characteristic evolution of the phyllosilicate 

fabric during this process (Fig. 1.1(b)). The 

strain ellipsoid evolves to a prolate shape 

(stage B ~ pencil cleavage). With increasing 

tectonic strain, the strain ellipsoid takes on again 

an oblate form (stage C). The finale tectonic 

stage leads to an increasing perfection of the 

planar phyllosilicate fabric together with a 

progressively intensifying linear structure in the 

planar surface (stage D). 

The study of the CPO of rock-forming minerals, 

and in general that of crystallites in 

polycrystalline materials (e.g. ceramics, metals, 

polymers), is not a new research topic. The 

directional characteristics of crystals in rocks 

were first described as ‘texture’ in the 19
th
 

century by the Belgian geologist d‘Omalius 

d‘Halloy [1833], and have been of concern to 

both geologists and material scientists ever 

since. Material scientists still use the term 

texture to describe a mineral‘s CPO, while 

geologists are also using the term texture in a 

more general way, i.e. to describe the spatial 

arrangement and relative size of mineral grains 

and their internal features [Spry, 1969]. To avoid 

ambiguities, the term fabric, which is a 

translation of Sander‘s [1930] term ‗Gefüge‘ 

[Hobbs et al., 1976], is used in this dissertation 

to refer to the spatial arrangement of the 

minerals in a rock. Planar or linear fabrics have 

been investigated for various minerals, e.g. 

quartz, carbonate minerals, olivine, amphiboles 

and pyroxenes [cf. Law, 1990; Leiss, 2000; 

Wenk and Van Houtte, 2004]. In this 

dissertation, the focus is put purely on 

phyllosilicate fabrics because these are 

omnipresent in deformed fine-grained 

(meta)sedimentary rocks, and because the 

phyllosilicate single crystals often display a very 

strong anisotropy of physical properties, making 

them a favorable fabric element to investigate 

the relationship with the rock‘s anisotropy. 

In order to investigate phyllosilicate fabrics, 

considerable work has been dedicated to 

develop techniques that allow a quantification of 

the alignment of phyllosilicates in a rock. In 

many of the early works, optical methods have 

been applied, using a petrographic microscope 

equipped with an universal stage, to measure 

the orientation of morphological or optical 

directions from individual grains [Sander, 1930; 

Phillips, 1971]. Note that the platy morphology of 

phyllosilicates is completely determined by the 

crystal structure, implying that the morphological 

or shape preferred orientation (SPO) and the 

LPO are nearly identical. The disadvantage of 
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the universal stage methodology is that it is very 

time consuming and hence, the statistics of the 

obtained results are limited. To resolve this 

issue, semi-automated optical techniques have 

been developed, which apply image processing 

to determine orientation distributions rapidly with 

minor manual effort [e.g. Heilbronner and Pauli, 

1993; Launeau and Robin, 1996; Piazolo and 

Passchier, 2002]. 3D information is obtained by 

combining different sections of a sample [e.g. 

Launeau and Robin, 2005; Launeau et al., 

2010]. A major restriction for optical orientation 

measurements of phyllosilicates is the grain 

size, since small grains (± < 20 µm) cannot be 

measured by an optical microscope. 

Besides the optical methods, preferred 

orientation measurements can be carried out 

using diffraction experiments to determine 

pole density distributions or pole figures. In 

contrast to the optical methods that measure the 

orientations of single grains, the pole figure is 

constructed by collecting signals of all crystals in 

a volume of rock. X-ray diffraction with a pole 

figure goniometer has become a widely used 

method to characterize (001) phyllosilicate pole 

figures in shales and slates [cf. Oertel, 1983; 

van der Pluijm et al., 1994]. The disadvantage of 

this method is that: (1) it gives little information 

about the orientation of the phyllosilicate a- and 

b-axes, (2) that the penetration depth of the X-

ray‘s is limited, which restricts the sample 

volume, and (3) that different phyllosilicates 

show strongly overlapping (10 Å) diffraction 

peaks. Recent studies have overcome these 

difficulties by using neutrons [e.g. Brokmeier, 

1994; Schafer, 2002] or hard synchrotron x-rays 

[Heidelbach et al., 1999; Wenk and Grigull, 

2003], which have a higher penetration and 

lower absorption than conventional x-rays. 

Furthermore, the synchrotron x-ray diffraction 

method relies on full diffraction spectra, rather 

than individual diffraction peaks, which allows a 

better separation of different phyllosilicate 

phases. Moreover, a Rietveld technique can be 

applied to the diffraction images (Debye rings) to 

extract quantitative fabric information [Lonardelli 

et al., 2005; Lutterotti et al., 2014; Wenk et al., 

2014]. Hence, these novel approaches deliver 

detailed fabric information of the different 

mineral phases present in the investigated 

rocks. Using neutron or hard synchrotron x-ray 

facilities is, however, expensive and time-

consuming, both for the measurements and the 

processing of the obtained data. Therefore, the 

number of samples that can be analyzed is 

usually limited. 

This restriction on the amount of samples that 

can be investigated is not ideal for structural 

geologists performing a regional fabric analysis. 

These researchers are interested in finding a 

regional pattern in the degree of (phyllosilicate) 

fabric development (cf. Fig. 1.1(b)), and hence, 

in the amount of strain recorded throughout the 

studied area, which usually requires the analysis 

of a large number of samples. Therefore, 

numerous studies have been dedicated in 

establishing a relatively fast and cheap, 

alternative approach to measure mineral 

preferred orientation in a rock for exhaustive 

regional studies. Because phyllosilicate single 

crystals display a pronounced anisotropy of their 

physical properties, e.g. elastic wave velocity, 

magnetic susceptibility, thermal conductivity and 

tensile and compressive strength [review in 

Siegesmund, 1996], there is a relationship 

between the phyllosilicate fabric(s) and the 

anisotropy of physical properties of fine-grained 

sedimentary rocks. In this respect, the 

anisotropy of fine-grained (argillaceous) 

sedimentary rocks is currently receiving a lot of 

attention. For example, understanding seismic 

anisotropy (i.e. the anisotropy of elastic wave 

velocity) is essential when prospecting for oil 

and gas reservoirs [e.g. Kendall et al., 2007; 

Wild, 2011], and anisotropy of diffusion is 

relevant for environmental contaminants, 

including nuclear waste [e.g. Wenk et al., 2008]. 

Already in the late fifties, petrophysicists 

developed a new approach to investigate the 

development of rock fabrics. This approach 

exploits the relation between mineral fabric(s) 

and the anisotropy of a physical rock property, 

i.e. the anisotropy of magnetic susceptibility 

(AMS). The first authors to use AMS as a 

petrofabric marker in rocks were Ising [1942] 

and Graham [1954]. Although, different 

experimental set ups have been developed to 

measure the AMS in rock samples since then 

(see Chapter 2 for more details), it was the 

development of commercially available AC 

induction bridges in the late 60‘s and early 70‘s 

(e.g. Agico‘s Kappabridge, Bartington‘s MS2-

bridge, Sapphire Instruments‘ S12B) that 

created the breakthrough of (low-field) AMS 
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measurements for regional fabric studies due to 

their speed, reproducibility and precision [e.g. 

Fuller, 1967; Scollar, 1968; Christie and 

Symons, 1969; Jelínek and Bucha, 1973; 

Jelínek and Pokorný, 1997]. What sets apart 

AMS from the optical and diffraction approaches 

explained above, is that it sums influences from 

all minerals in the investigated rock sample. The 

relative contribution of each mineral phase to 

the rock‘s AMS depends on its abundance, its 

magnetic susceptibility and its intrinsic magnetic 

anisotropy. Therefore, we refer to the magnetic 

fabric to indicate the shape and orientation of 

the obtained magnetic susceptibility ellipsoid 

(this is a 3D body used to visualize the intensity 

of magnetic susceptibility in different directions - 

see Chapter 2). Understanding of how this 

magnetic fabric relates to the actual mineral 

fabrics within the rock, and hence to the strain 

ellipsoid, is of paramount importance for any 

AMS study. 

The first thorough magnetic fabric studies of 

deformed, fine-grained sedimentary rocks were 

performed by Fuller [1960, 1963, 1964] in the 

Welsh slates (UK) and by Graham [1966] in the 

Appalachian mountain belt (USA). They soon 

noticed that the orientation of the (low-field) 

AMS agrees with the direction of macroscopic 

rock fabric and that AMS can mirror progressive 

deformation in deformed sedimentary rocks. 

Fuller and Graham assumed that the AMS is 

controlled by ferromagnetic (s.l.) minerals, e.g. 

magnetite, pyrrhotite. Later on, it became clear 

that ‗matrix minerals‘, having a paramagnetic or 

diamagnetic behavior (see Chapter 2), often 

significantly contribute to the observed magnetic 

fabrics in sedimentary rocks [Coward and 

Whalley, 1979; Rochette and Vialon, 1984; 

Borradaile et al., 1986]. Most phyllosilicates are 

paramagnetic, and the last decades have shown 

that in many fine-grained sedimentary rocks, 

these minerals tend to dominate the magnetic 

fabric [e.g. Hounslow, 1985; Lüneburg et al., 

1999; Hirt et al., 2000; Debacker et al., 2004; 

Hirt et al., 2004; Debacker et al., 2009]. This 

lead to an increased interest in these 

paramagnetic fabrics, because in contrast to 

the intrinsic magnetic anisotropy of 

ferromagnetic (s.l.) minerals, which may result 

from a combination of magnetostatic (shape), 

distribution (interaction) and magnetocrystalline 

anisotropy, the intrinsic anisotropy of 

paramagnetic minerals is dominantly a 

magnetocrystalline anisotropy (see Chapter 2). 

This crystallographic control on the 

phyllosilicates‘ intrinsic magnetic anisotropy 

infers a correlation between the magnetic fabric 

and the phyllosilicate fabric. Indeed, numerous 

studies have revealed a good agreement 

between the orientation distribution of 

phyllosilicate minerals determined by X-ray or 

neutron diffraction experiments and the AMS 

[e.g. Richter et al., 1993; Sun et al., 1995; 

Robion et al., 1999; Chadima et al., 2004; 

Hansen et al., 2004; Hirt et al., 2004; Cifelli et 

al., 2005; Martín-Hernández et al., 2005; Cifelli 

et al., 2009; Oliva-Urcia et al., 2010]. Due to this 

correlation, the AMS of fine-grained sedimentary 

rocks can be considered as a potential strain 

marker. 

After the pioneering studies of Fuller [1960, 

1963, 1964] and Graham [1966], AMS studies of 

deformed fine-grained sedimentary rocks were 

resumed in the late 70‘s for the Rhenohercynian 

Zone of the Bohemian Massif (Czech Republic) 

by Hrouda and Janák [1976] and Hrouda [1976, 

1978, 1979], and many key studies relating (low-

field) AMS to strain in sedimentary rocks 

appeared in the following years [Graham, 1978; 

Rathore and Henry, 1982; Kligfield et al., 1983; 

Borradaile and Mothersill, 1984; Siddans et al., 

1984; Hirt et al., 1988]. These studies firmly 

established that for sedimentary rocks with a 

coaxial strain history, the orientation of the 

AMS principal axes closely relates to that of 

the finite strain axes [reviews in Borradaile and 

Henry, 1997; Borradaile and Jackson, 2004, 

2010]. Observations in fine-grained sedimentary 

rocks of fold-and-thrust belts that often show a 

gradual cleavage development in response to a 

local strain gradient, provide an insight in how 

the orientation of AMS principal axes evolves 

with increasing strain [e.g. Averbuch et al., 

1992; Bakhtari et al., 1998; Saint-Bezar et al., 

2002; Robion et al., 2007]. This resulted in an 

evolutionary model with six subsequent 

magnetic fabric types for progressively 

deformed fine-grained sedimentary rocks (Fig. 

1.2(a)). This evolution is very comparable to the 

evolution of the principal strain axes sketched in 

Fig. 1.1(b). 

 Type I: Initial sedimentary magnetic fabric 

with isotropy in the bedding plane, i.e. the  
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Fig. 1.2: (a) Classical sequence of magnetic fabrics observed in progressively deformed sedimentary rocks 

in a compressional setting. (b) Conceptual model for the evolution of the AMS parameters during the 

evolution sketched in Fig. 1.1(a). The shape parameter T represents the shape of the AMS ellipsoid and the 

corrected degree of anisotropy PJ the eccentricity of the ellipsoid (see Chapter 2) [Modified from Parés and 

Van der Pluijm, 2004; Robion et al., 2007]. 

pole to the magnetic foliation (K3) is parallel 

to the bedding pole. 

 Type II: Intermediate magnetic fabric 

parallel to the bedding plane (K3 still 

parallel to bedding pole) with a magnetic 

lineation (K1) in a direction perpendicular to 

the shortening. 

 Type III: Intermediate magnetic fabric that 

shows a scattering of K3 away from the 

bedding pole in the direction of the 

shortening. 

 Type IV: Tectonic magnetic fabric 

perpendicular to the shortening direction 

(K3 is parallel to the shortening direction) 

and K1 is still in a direction within the 

bedding plane and perpendicular to the 

shortening direction. 

 Type V: Tectonic magnetic fabric 

perpendicular to the shortening direction 

with K1 scattered about K3. 

 Type VI: Tectonic magnetic fabric 

perpendicular to the shortening direction 

with K1 grouped normal to the bedding. 

The correlation of strain magnitudes and 

AMS was first tested with deformation 

experiments. Investigating the magnetic 

anisotropy development of experimentally 

deformed rocks resulted in successful 

correlations between the degree of anisotropy 

and the bulk strain [Owens and Rutter, 1978; 

Borradaile and Alford, 1987]. These laboratory 

experiments were followed by an abundance of 

studies that have tried to establish an empirical 

correlation between conventional strain markers 

and AMS in natural sedimentary rocks. These 

authors could deduce a conceptual evolution for 

the magnitude of the principal magnetic 

susceptibility axes (Fig. 1.2(b)) that shows 

similarities with the strain evolution shown in 

Fig. 1.1(b). The initial sedimentation / 

compaction stage is characterized by an oblate 

shaped susceptibility ellipsoid. The ellipsoid 

evolves to a prolate shape (intermediate stages) 

and with further increasing tectonic strain, back 

to an oblate shape (tectonic stage). A further 

increase in tectonic strain results in a continuing 

increase of the eccentricity of the susceptibility 

ellipsoid (~PJ). Nevertheless, only a few 

successful correlations have been found [e.g. 

Siddans et al., 1984; Hirt et al., 1988; Hirt et al., 

1993; Parés and van der Pluijm, 2003, 2004]. 

Many of the failed correlation attempts did this 

because mineral abundances control the rock‘s 

AMS, i.e. AMS variations between samples and 

outcrops are due to a combination of different 

minerals, in different abundances and with 

different intrinsic anisotropies [reviews in 

Borradaile, 1991; Borradaile and Henry, 1997; 

Borradaile and Jackson, 2004, 2010]. Therefore, 

reliable (quantitative) interpretations of a rock‘s 

AMS are limited by the ability to accurately 

determine the abundance, the relative magnetic 

susceptibility and the intrinsic magnetic 

anisotropy of each mineral component, and 
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require knowledge of the behavior of the 

different minerals during deformation. 

These problems resulted in a decreasing 

interest for magnetic fabrics in tectonic studies 

during the 90‘s. Since then, a number of 

achievements have resulted in a better 

understanding of the relationship between 

the mineral sources of magnetic susceptibility 

and a rock’s AMS. These include (1) the 

development of several techniques to separate 

magnetic subfabrics arising from different 

magnetization types, e.g. measurements in low- 

and high-fields, at different temperatures and of 

the anisotropy of remanent magnetization 

[reviews in Martín-Hernández and Ferré, 2007; 

Hirt and Almqvist, 2011], (2) an increasing 

knowledge of the intrinsic magnetic anisotropy 

of many mineral carriers [e.g. Lagroix and 

Borradaile, 2000; Martín-Hernández and Hirt, 

2003; Schmidt et al., 2007a; Belley et al., 2009; 

Haerinck et al., 2013; Biedermann et al., 2014] 

and (3) the development of numerical models 

that simulate magnetic fabrics from the CPO of 

the individual mineral components [Housen and 

van der Pluijm, 1990; Henry, 1992; Richter, 

1992; Benn, 1994; Siegesmund et al., 1995; 

Martín-Hernández et al., 2005] and reverse 

models that compute an orientation distribution 

from a rock‘s AMS [Hrouda and Schulmann, 

1990; Hrouda, 1993; Jezek and Hrouda, 2002, 

2004]. 

Therefore, it must be clear that using an AMS 

approach to investigate rock fabric development 

in a regional study has some distinct 

advantages. (Low-field) AMS measurements 

can be performed accurately, relatively fast and 

at a low cost. As a consequence, most regional 

magnetic fabric studies use a relatively large 

number of samples and hence, show a good 

regional coverage. However, a magnetic fabric 

analysis is not a miracle approach. Quantitative 

interpretations will always be limited by the 

ability to determine all boundary conditions 

involved in governing the variability in observed 

AMS results, i.e. the abundance, relative 

magnetic susceptibility and intrinsic anisotropy 

of the different mineral carriers and their 

behavior during deformation. Understanding the 

influence of (a variation in) these boundary 

conditions remains today as one of the major 

challenges in the use of AMS in relation to 

tectonic strain. Therefore, there is a need for 

regional magnetic fabric analyses that are 

accompanied by additional rock magnetic and 

mineralogical analyses. These additional 

analyses should give a good grasp on the 

variability of the boundary conditions and only in 

this way, it will be possible to truly understand 

the observed variation in a regional AMS 

dataset. The goal of this PhD is to investigate 

the influence of the boundary conditions for a 

case study from the Central Armorican Domain 

(CAD) of Brittany, France. 

1.2  Research objectives and 

strategy 

The principal objective involves establishing a 

better understanding of the extent to which 

variations in the amount of strain, in mineral 

abundances, both for ‗strongly magnetic‘ 

paramagnetic and ferromagnetic (s.l.) minerals 

and for ‗weakly magnetic‘ diamagnetic minerals, 

and the relation between possible subfabrics all 

affect the AMS in a regional dataset. By 

performing such a regional magnetic fabric 

analysis and determining the boundary 

conditions governing the variation in AMS, this 

study achieves a better understanding of the 

relationship between the mineral sources of 

magnetic susceptibility and AMS. Based on 

the obtained experience, this will allows us to 

propose an integrated rock magnetic - 

mineralogical workflow for regional magnetic 

fabric studies of deformed, fine-grained 

sedimentary rocks. 

In order to establish this understanding, an 

extensive regional magnetic fabric case study is 

carried out on fine-grained sedimentary rocks 

that have been deformed by a coaxial, 

predominantly contraction-dominated 

deformation resulting in a moderate to pervasive 

cleavage development. In the work presented, 

we follow a multidisciplinary approach that 

integrates the (low-field) AMS measurements 

with additional rock magnetic experiments, 

quantitative mineralogical and geochemical 

analyses. The research strategy consists of the 

following steps. 

 Firstly, the regional tectonometamorphic 

setting of the study area is determined. This 

information is then used to select 

representative research areas that cover 
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the study area. Subsequently, a well-

established structural framework in which 

the AMS interpretations can be constrained 

is set up for the different research areas 

(i.e. a part of the regional study area). It is 

important to include detailed information 

about macroscopic fabric elements 

(bedding, cleavage, intersection lineation) 

for all sample locations. 

 In order to avoid the influence of local 

variations due to specific beds, a specific 

bed type is selected as regional reference 

unit. This reference unit has to be exposed 

in the different research areas of the study 

area.  

 Subsequently, the mineral contribution to 

the rock‘s AMS is evaluated. As explained 

in the previous section, our main interest 

goes to the paramagnetic fabric because of 

the crystallographic control on the intrinsic 

magnetic anisotropy of the paramagnetic 

phyllosilicate minerals. Once the different 

paramagnetic minerals are identified, their 

relative contribution and intrinsic 

magnetic anisotropy have to be 

determined. When available, single crystal 

magnetic anisotropies will be taken from 

literature. If no reliable information 

concerning the magnetic anisotropy of an 

important rock-forming (paramagnetic) 

mineral has been published, we will 

perform an analysis of the magnetic 

anisotropy of single crystals of this mineral. 

 Finally, a regional (low-field) AMS dataset 

is obtained and the meaning of the 

variation in observed magnetic fabrics is 

investigated. Firstly, the regional variation 

in the orientation and magnitude of the 

AMS principal axis is determined. 

Secondly, additional rock-magnetic 

experiments and a geochemical analysis 

are performed on representative sets of 

specimens from the regional dataset. This 

allows a determination of the influence of 

the contribution from ferromagnetic (s.l.) 

minerals to the magnetic susceptibility and 

its anisotropy. Thirdly, the variation in the 

paramagnetic fabrics is investigated for 

influences of variation in other boundary 

conditions, i.e. the relation between 

possible subfabrics and the mineralogical 

composition of the investigated specimens. 

1.3  Choice of a research area and 

its regional setting 

In order to find an eligible case study area for 

this work, we have to consider a number of 

elements. First of all, because of the principal 

interest in paramagnetic fabrics caused by 

strongly anisotropic phyllosilicates, we are 

looking for an area with abundant, widely 

exposed fine-grained sedimentary rocks. 

Secondly, the area should have been subjected 

to a coaxial, predominantly contraction-

dominated deformation event that induced a 

regional tectonic foliation or cleavage 

development. Because we want some variation 

in the amount of strain, to which the rocks have 

been subjected, the research area should 

contain a tectonometamorphic gradient or 

consist of discrete zones with a different 

tectonometamorphic setting. Thirdly, we want 

that the same units/rock types to occur in 

subareas (i.e. the different research areas) with 

a different tectonometamorphic setting. Finally, 

because the research requires several field 

campaigns and extensive sampling, the 

research area should be fairly accessible. 

A suitable study area has been found in the 

westernmost part of the Central Armorican 

Domain (CAD) in the western extremity of the 

Armorican Massif of Brittany, France. The study 

area is situated in the central part of the 

Finistère department (Fig. 1.3(a-c)). A detailed 

overview of the geodynamic history of the CAD 

can be found in Keppie [1994], van Noorden 

[2007] and Ballèvre et al. [2009; 2013]. The 

CAD is a part of the Perigondwanan 

microcontinent Armorica and consists of a 

cratonic basement covered with a late 

Proterozoic to Palaeozoic sedimentary 

sequence. The Palaeozoic deposits will be of 

primary interest in our study. These have only 

been deformed in the Variscan orogeny and 

hence, are more suitable for our case study than 

the late Proterozoic (Brioverian) deposits, which 

show a more complex deformation history 
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Fig. 1.3: (a) Situation of study area in France. (b) Schematic map showing the subdivision of the Armorican 

Massif into the North Armorican Domain (NAD), the Léon Domain (LD), the Central Armorican Domain (CAD) and 

the South Armorican Domain (SAD) [after Le Corre et al., 1991]. (c) Geological map of the westernmost part of 

the CAD [Modified from Barrière et al., 1975; Chauris et al., 1980; Chantraine et al., 1981; Peucat et al., 1981; 

Hallégouët et al., 1982; Castaing et al., 1987b; Le Gall and Garreau, 1988; Béchennec and Hallégouët, 1999; 

Plusquellec et al., 1999; Thomas et al., 2000; Béchennec and Hallégouët, 2001]. (d) Schematic structural cross-

section of the LD and the CAD in the coastal area (Crozon peninsula, Rade de Brest) [Modified from Ballèvre et 

al., 2009]. (e) Schematic structural cross-section of the LD and the CAD in the inland area (Monts d‘Arrée, 

Châteaulin basin, Montagnes Noires) [after Rolet et al., 1994; Faure et al., 2005; Sintubin et al., 2008]. 
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Fig. 1.4: Lithostratigraphy of the Central Armorican Domain compiled from 5 sections: (1) Crozon north, 

(2) Crozon South, (3) Rade de Brest area, (4) Montagnes Noires and (5) Saint-Rivoal area (Monts d‘Arrée). 

Modified from Barrière et al. [1975], Chauris et al. [1980], Hallégouët et al. [1982] and Le Gall and Garreau [1988]. 
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resulting from a Variscan overprint on Cadomian 

(penecontemporaneous) structures [Guerrot et 

al., 1992; Strachan et al., 1996; Chantraine et 

al., 2001]. The nearly continuous Palaeozoic 

sequence ranges in age from Arenig to 

Namurian and consists dominantly of siliciclastic 

rocks, including abundant fine-grained units 

[Guillocheau and Rolet, 1982]. An overview of 

the lithostratigraphy is given in Fig. 1.4. The 

deposition of this Palaeozoic sedimentary 

sequence was accompanied by a steady drift 

from a paleolatitude close to the South Pole, as 

interpreted from the Ordovician faunal 

communities, towards the equator, as 

interpreted from the development of reefal build-

ups during the Devonian. During this period, the 

Armorican microcontinent was a part of the 

Armorican microplate, sometimes called  

 

 

Fig. 1.5: Plate tectonic setting during the Palaeozoic history (490 - 350 Ma). (a) Situation during the Early 

Ordovician at the start of the closure of the Iapetus Ocean and the breaking-up of Gondwana. (b) During the 

Middle Ordovician, Avalonia has drift off from Gondwana resulting in the initiation of the South Armorican oceanic 

basin. (c) At the beginning of the Silurian, the Caledonian orogeny was active north of Avalonia, together with the 

closure of the Rheic Ocean between the Armorican Microplate and Avalonia-Laurentia. (d) During the Early 

Carboniferous, the Caledonides are being eroded and the Variscan orogeny was still active. Abbreviations: AM: 

Armorican microplate; ATA: Armorican terrane assemblage; Av: Avalonia; SAOB: South Armorican oceanic basin; 

SP: South Pole. (Berwouts [2011]; modified from Winchester et al. [2002]). 
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Armorican terrane assemblage or ATA, which is 

an amalgamation of different microcontinents 

(Saxo-Thuringia, Bohemia, Armorica). These 

microcontinents rifted from Gondwana in the 

Early Ordovician, opening the South Armorican 

oceanic basin (SAOB), also called ‗Fosse 

Armoricaine‘, Proto-Tethys Ocean, Galicia-

South Brittany ocean or Massif Central Ocean, 

to the south (Fig. 1.5(a-c); [Crowley et al., 2000; 

Franke, 2000]). The extent of this oceanic 

domain is debated, e.g. another model, based 

on paleobiogeographical data, infers only one 

ocean, north of the Armorican microplate, i.e. 

the Rheic Ocean, with a south-dipping 

subduction [Robardet, 2002]. The Variscan 

collision between the southern border of 

Armorica and Gondwana would have occurred 

from the Silurian onwards (440-370 Ma; [Matte, 

2001]), whereas the northern collision, with the 

closure of the Rheic Ocean took place at the 

beginning of the Carboniferous (370 Ma; Fig. 

1.5(c-d); [Ballèvre et al., 2009]). 

The Variscan deformation of the CAD is 

primarily related to the earliest stage in the 

closure of the Rheic Ocean and the related 

oblique docking of the Léon domain, which is 

situated northwest of the CAD (Fig. 1.3(b)) 

[Rolet, 1982; Castaing et al., 1987a; Faure et 

al., 2005]. The deformation due this ‘Bretonian 

event’ is predominantly contraction-dominated. 

In the middle- to upper-crustal part of the CAD, 

which is exposed in the inland slate belts of 

the Monts d’Arrée and the Montagnes 

Noires, the deformation is accommodated by 

both cylindrical folding and a cogenetic cleavage 

development [Darboux and Garreau, 1976; 

Darboux, 1981; Darboux and Le Gall, 1988; van 

Noorden et al., 2007]. In the upper-crustal part 

of the CAD, which is exposed along the coastal 

sections of the Crozon peninsula and the Rade 

de Brest area, the deformation is 

accommodated by the development of a fold-

and-thrust belt [Babin et al., 1975; Rolet and 

Thonon, 1978; Darboux and Plusquellec, 1981]. 

Two different regional models have been 

proposed that explain the Variscan geodynamic 

evolution of the CAD, i.e. a contractionmodel 

and a wrench model. The contraction model 

relates the Bretonian event to major top-to-the-

NW thrusting and nappe stacking (Fig. 1.6(a)) 

and the development of the early Carboniferous 

Châteaulin basin, which is interpreted as a 

piggy-back basin (Fig. 1.6(a)) [Sintubin et al., 

2008]. Note that Ballèvre et al. [2009] proposed 

a south-verging backthrust on the basis of 

south-vergent structures along the Elorn valley 

(Fig. 1.3(d)), whereas Sintubin et al. [2008] 

proposed top-to-the-NW thrusting for the entire 

CAD on the basis NW-vergent structures in the 

Monts d‘Arrée slate belt (Fig. 1.3(e)). Either 

case, the pervasive cleavage observed in the 

Montagnes Noires and in the Carboniferous 

metasediments of the Châteaulin basin is of 

Namurian to Westphalian age, i.e. at least 30 

Ma younger than the pervasive cleavage in the 

Monts d‘Arrée that developed prior to the 

emplacement of the Huelgoat and Commana 

granites (dated at 336 ± 13 Ma; Peucat et al. 

[1979]). Therefore, both the model of Sintubin et 

al. [2008] and Ballèvre et al. [2009] infer a 

diachronous nature of the cleavage 

development within the CAD, and therefore, a 

long-living deformation history during the closure 

of the Rheic Ocean (Fig. 1.6(c)). Finally, in the 

last stage of the Variscan deformation history, 

middle to late Carboniferous intracontinental 

deformation resulted in incipient strain 

partitioning [van Noorden, 2007; van Noorden et 

al., 2007] and the development of large-scale 

wrench-related structures at the northern and 

the southern border of the CAD, i.e. the North 

Armorican shear zone (NASZ) and the South 

Armorican shear zone (SASZ), respectively 

[Gapais and Le Corre, 1980; Jégouzo, 1980; 

Berwouts, 2011; Derez et al., 2013], and 

orogenic collapse [Faure et al., 2005]. 

The wrench model for the Variscan 

geodynamic evolution of the CAD is based on 

restoration models of Gumiaux et al. [2004a; 

2004b]. The coaxial, contraction-dominated 

strain, i.e. cleavage, folds and faults, would be 

caused by a regional progressive simple shear 

 

Fig. 1.6: Conceptual model of the long-living 

deformation history of the CAD according to the 

contraction model of van Noorden [2007] and Sintubin 

et al. [2008]. 
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between the NASZ and SASZ over a time frame 

of 355 to 300 Ma (Fig. 1.7). According to this 

model, the regional dextral shearing started at 

the latest Devonian to early Carboniferous (i.e. 

the Bretonian event). The deformation was 

continuous and pervasive across the CAD, with 

the development of upright folds and associated 

sub-vertical cleavage, and induced northwest-

verging thrusts (Fig. 1.7(a)). The middle 

Carboniferous is characterized by the 

emplacement of syn-kinematic granitic 

intrusions (e.g. Huelgoat, Plounéour-Ménez–

Plouaret) around 345 to 335 Ma, probably 

caused by a crustal thickening of the antecedent 

thrust tectonics (Fig. 1.7(b)) [Rolet et al., 1986; 

Rolet et al., 1994; Faure et al., 2005]. During the 

late Carboniferous, the regional-scale thrust 

tectonics diminish across the CAD and the 

shear deformation becomes more localized 

along the SASZ (Fig. 1.7(c)). The latest 

Carboniferous marks the end of the pervasive 

deformation across the CAD (Fig. 1.7(d)). 

Thus, the main difference between the 

contraction and wrench model is that the former 

infers contraction-dominated tectonics with only 

very localized, incipient wrench structures and 

the latter infers a combination of both thrust and 

shear deformation. On the level of the Crozon 

fold-and-thrust belt and the slate belts, the 

inferred kinematics are very similar in both 

models. 

 

Fig. 1.7: Geological history of the Central Armorican Domain (CAD) according to the restoration models of 

Gumiaux et al.[2004a; 2004b] (Berwouts [2011]; modified from [Gumiaux et al., 2004a]). 
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Contemporaneous with the Variscan 

deformation, the Palaeozoic sediments of the 

CAD are affected by a regional, prograde 

metamorphism. The degree of this regional 

metamorphism is characterized by the formation 

of pyrophyllite and chloritoid in the pelitic rocks 

of the western part of the CAD [Paradis et al., 

1983; Darboux, 1991]. Pressure and 

temperature conditions of the different mineral 

assemblages can be obtained by the following 

mineral reactions: 

kaolinite + quartz          pyrophyllite + H2O               [1] 

pyrophyllite + chlorite          chloritoid + quartz + H2 [2] 

The temperature at which pyrophyllite can form 

by reaction [1], under intermediate pressure, is 

above 280°C, and reaction [2] takes place at 

temperature and pressure conditions of 

approximately 350 to 400°C and 250 to 350 kbar 

[Paradis et al., 1983; Frey and Robinson, 1999]. 

Hence, a mineral assemblage with pyrophyllite 

and chlorite indicates anchizonal metamorphic 

conditions (diagenetic to very lower greenschist 

conditions) and a mineral assemblage without 

pyrophyllite, but with chloritoid indicates an 

epizonal degree of metamorphism (lower 

greenschist conditions). The pelitic rocks in the 

Crozon peninsula are largely characterized by 

the anchizonal mineral assemblage of illite, 

chlorite, pyrophyllite and kaolinite. Only in the 

northernmost point of the Crozon peninsula (i.e. 

Pointe des Espagnols) and near the Elorn river, 

a different (epizonal) mineral assemblage, 

consisting of illite, chlorite and chloritoid, is 

observed. It appears that the degree of regional 

metamorphism increases from south to north in 

the coastal part of the CAD. The same mineral 

assemblages can be used to determine the 

degree of regional metamorphism for the inland 

part of the CAD. The pelitic rocks in the Monts 

d‘Arrée and Montagnes Noires slate belts 

consistently show the epizonal mineral 

assemblage of illite, chlorite and chloritoid. This 

difference in degree of regional metamorphism 

is also reflected in the contrasting deformation 

style of the inland slate belts and the fold-and-

thrust belt in the coastal area (see above). 

Finally, the mineral assemblages observed in 

the rocks of the Châteaulin basin infer an 

anchizonal degree of metamorphism for the 

northern parts and an epizonal degree of 

metamorphism for the southern parts [Darboux, 

1991]. 

Two main magmatic episodes can be 

recognised in the CAD. The first episode took 

place in the late Cambrium to early Ordovician, 

when a variety of intrusions (granites, 

granodiorites, diorites, trondhjemites) have been 

emplaced. The most important plutonic bodies 

of this episode for the CAD are the Gneiss de 

Brest and the Orthogneiss de Plougonven-

Guimiliau, granodiorites with trondhjemitic 

affinities, emplaced at 504 ± 14 Ma and 

512 ± 11 Ma, respectively [Marcoux et al., 

2009], and the Trondhjemite du Cap Sizun with 

an absolute age of 457 ± 23 Ma [Barrière et al., 

1971] (Fig. 1.3(c)). The second episode of 

magmatic activity is the Carboniferous, from 

which two groups of granites can be 

distinguished. A first group consists of 

leucogranites whose emplacement is associated 

with deformation along the SASZ, e.g. 

leucogranite de la Pointe du Raz – Quimper and 

leucogranite de Pluguffan (dated at 318 ± 4 Ma; 

[Cocherie, 1997] in [Béchennec and Hallégouët, 

1999]), as shown by the development of a 

mylonitic foliation within these bodies [Berthé et 

al., 1979; Hanmer et al., 1982]. The second 

group consists of porphyroid monzogranites, 

containing biotite and Al-silicates, that yield ages 

between 350 and 300 Ma. The Granite de 

Plounéour-Ménez-Plouaret and the Granite de 

Huelgoat, which are situated, respectively, to the 

north and south of the Monts d‘Arrée are the 

most important bodies of this episode for the 

western part of the CAD. They have been dated 

at 336 ± 13 Ma [Peucat et al., 1979]. Their 

chemical and mineralogical composition 

suggests that these result from the partial 

melting of a sedimentary source, which is 

probably caused by a crustal thickening due to 

the antecedent thrust tectonics of the Bretonian 

event [Rolet et al., 1986; Rolet et al., 1994; 

Faure et al., 2005]. The emplacement of these 

bodies induced contact metamorphism in the 

neighboring Palaeozoic pelitic rocks of the CAD, 

creating for example andalusite porphyroblasts 

in the rocks of the Monts d‘Arrée. 

These collective studies demonstrate that the 

western part of the CAD meets all requirements 

to serve as a test case for our regional magnetic 

fabric study. The Palaeozoic metasedimentary 

sequence of the CAD contains abundant fine-
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grained units from which a regional reference 

unit can be selected. These sedimentary rocks 

have been deformed by a long-living 

contraction-dominated deformation event, 

resulting in a regional cleavage development. A 

first, exploratory study of the applicability of a 

regional magnetic fabric analysis in the CAD, 

dealing with five distinct outcrops, has been 

performed in the framework of a master 

dissertation (Fig. 1.8) [Haerinck, 2010]. This 

study shows the presence of intermediate 

magnetic fabric types, with a prolate 

susceptibility ellipsoid, in the southern part of the 

Crozon peninsula and in the Montagnes Noires 

and of tectonic magnetic fabric types, with a 

triaxial to oblate susceptibility ellipsoid, in the 

northern part of the Crozon peninsula and in the 

Monts d‘Arrée. Thus it seems that the Bretonian 

event affected the CAD in a heterogeneous 

manner, resulting in contrasting magnetic fabric 

types and a significant spread in the degree of 

anisotropy and fabric type. Moreover, the 

regional, prograde metamorphism has caused a 

change in the paramagnetic mineralogy of the 

fine-grained units. This variation in AMS and 

magnetic mineralogy makes the CAD an 

interesting test case to investigate the relation 

between AMS, strain and a variation in mineral 

carriers and their abundance. Finally, the CAD is 

located in the French department of Finistère, 

which is only 900 km from Leuven, and most 

outcrops are well within walking distance of the 

public roads. 

 

Fig. 1.8: Plot of the corrected degree of anisotropy to 

the shape parameter for five distinct outcrops of the 

CAD [Haerinck, 2010]. 

1.4  Structure of the thesis 

Chapter 1 gives an overview of the state of the 

art of regional magnetic fabric studies and 

introduces the problem description and the 

research objectives of the doctoral study. 

Furthermore, the research strategy is explained 

and the choice of the study area is justified. The 

regional setting of the chosen study area is also 

given in a concise manner. Chapter 2 gives 

some theoretical background on rock-

magnetism and introduces the parameters used 

in this dissertation to describe a rock‘s AMS. In 

chapter 3, the methodology of the integrated 

rock-magnetic and mineralogical approach is 

described. 

Chapter 4 explains the followed sample 

strategy. It covers the different research areas of 

the Central Armorican Domain, i.e. parts of the 

study area with a specific tectonometamorphic 

setting. Furthermore, the regional reference unit 

is presented together with a number of 

exploratory analyses that have been performed 

on this reference unit, e.g. microscopic and 

mineralogical analysis. 

Chapter 5 and 6 form the main part of the 

dissertation. In chapter 5, the different minerals 

that contribute to the AMS are introduced. Their 

relative contribution and intrinsic magnetic 

anisotropy are determined, either with 

information from the literature or otherwise, from 

new single crystal measurements. Chapter 6 

gives the results of the actual regional magnetic 

fabric study using the integrated rock-magnetic 

– mineralogical approach. It shows what the 

variance in magnetic minerals and their 

abundance signifies for the magnetic fabric 

development in the study area. 

In chapter 7, the outcome of this work is 

discussed and a workflow for other regional 

magnetic fabric studies is composed. This 

chapter also gives a short conclusion and 

outlines some perspectives and challenges for 

future magnetic fabric studies. 

Finally, the dissertation contains a bibliography 

and a publication list. The appendices, which 

contain extensive datasets of the analyses 

presented in chapter 5 and 6, can be consulted 

online through the website of the KU Leuven: 

http://www.kuleuven.be/doctoraatsverdediging

/cm/3E10/3E100962.htm 

http://www.kuleuven.be/doctoraatsverdediging/cm/3E10/3E100962.htm
http://www.kuleuven.be/doctoraatsverdediging/cm/3E10/3E100962.htm
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This chapter provides a short summary of the 

theory that governs the magnetization of rocks 

and minerals, and hence also controls their 

anisotropy of magnetic susceptibility (AMS). The 

text is largely based on Serway and Jewett 

[2004] for the physics concerning magnetism 

and Moskowitz [1991], Tarling & Hrouda [1993] 

and Borrdaile & Jackson [2004] for the rock 

magnetic topics. For a more detailed coverage, 

the reader is referred to standard works dealing 

with rock magnetic properties: Nagata [1961], 

Stacey and Banerjee [1974], O‘Reilly [1984], 

Tarling and Hrouda [1993], Dunlop and Ozdemir 

[1997]. 

2.1  Definition of fundamental 

quantities 

The magnetic state of a substance, e.g. a rock 

or mineral, is described by a quantity called the 

magnetization M, expressed in ampere per 

meter (A/m). It is defined as the magnetic 

dipole moment µ, expressed in ampere-square 

meter (Am
2
), per unit volume of the substance: 

   
   

 
  [2.1] 

This magnetic dipole moment, magnetic 

moment in short, is a measure of the strength 

and direction of the magnetic field caused by 

the substance, Bm when it is placed in a 

magnetic field B0 (=    H). The total magnetic 

field B, measured in tesla (T), can then be 

expressed in terms of the magnetic field 

strength H and the magnetization of the 

substance M: 

                         [2.2] 

H is a field quantity that describes the strength 

of the magnetic field in the substance and is 

expressed in ampere per meter (A/m).    is the 

permeability of free space, which is a physical 

constant with value          
  

 
. 

The response of the substance to the applied 

magnetic field with magnetic field strength H is 

termed the magnetic susceptibility κ, which is 

a dimensionless quantity. 

        [2.3] 

The magnetic susceptibility is sometimes also 

expressed in terms of the mass susceptibility 

χ (m
3
/kg), which is the ratio of the magnetic 

moment per unit mass σ (Am
2
/kg) to the applied 

field 

                             [2.4] 

2.2  Physical background of rock 

magnetic susceptibility 

2.2.1 Origin of rock magnetic properties 

The magnetic moment of a rock or mineral, and 

thus its magnetization, results from the 

summation of the atomic magnetic dipole 

moments, atomic moments in short, in the rock 

or mineral. They arise from orbital or spin motion 

of charged particles in the atoms. These 

motions generate tiny electric currents in closed 

loops that in turn create magnetic fields, just as 

the magnetic field produced by an electrical 

current moving through a coiled wire. An atom 

consists of negatively charged electrons that 

move in circular orbits around a much more 

massive and positively charged nucleus. There 

are three types of motion that can contribute to 

the atomic moment. 

CHAPTER 2 ANISOTROPY OF MAGNETIC 

SUSCEPTIBILITY: THEORETICAL BACK-

GROUND 
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Fig. 2.1: An electron moving in the direction of the 

grey arrow in a circular orbit of radius r has an 

angular momentum L in one direction and a magnetic 

moment μ in the opposite direction [From Serway and 

Jewett, 2004]. 

Orbital motion of an electron around the 

nucleus 

The magnetic moment of an electron associated 

with an orbital motion with mass me, constant 

speed v and radius r is proportional to its orbital 

angular momentum L (= me v r; Fig. 2.1): 

    
 

    
         [2.5] 

Both the vectors µ and L are oriented 

perpendicular to the plane of orbit. Because an 

electron is negatively charged, the vectors point 

in opposite directions. As the orbital angular 

momentum is quantified: L =           with ħ 

= h/2π = 1.05 x 10
-34

 Js, where h is Planck‘s 

constant, the smallest nonzero value of the 

electron‘s magnetic moment resulting from 

orbital motion is: 

     
 

    
         [2.6] 

In most substances the orbital magnetic moment 

of one electron is cancelled (quenched) by that 

of another electron orbiting in the opposite 

direction. Therefore, the net magnetic moment 

produced by the orbital motion of the 

electrons is either zero or very small. 

However, in the presence of an external 

magnetic field, the magnetic moment 

experiences a torque which causes a change in 

angular momentum ΔL (Fig. 2.2). L will precess 

around the magnetic field direction, much like a 

spinning top precesses around the gravity field. 

The precession of the electronic orbit, called 

Larmor precession, has an angular velocity  

 

Fig. 2.2: The magnetic moment of an electron placed 

in a magnetic field, experiences a torque that causes 

a precession of the electronic orbit about the 

magnetic field, i.e. the Larmor precession [Modified 

from Serway and Jewett, 2004]. 

which is proportional to the applied field (cf. 

Lenz‘s law). 

         
  

  
  

 

   
     [2.7] 

Lenz‘s law thus states that an induced current in 

a loop (i.e. the precession of the electronic orbit) 

is in the direction so that it creates a magnetic 

field that opposes the magnetic field changes 

provided by the applied field. Hence, the Larmor 

precession induces a magnetic moment Δµ 

that is proportional to the applied field and in 

a sense opposite to the applied field (Fig. 2.2). 

This magnetic moment due to the precession of 

electron orbits is present in all atoms. However, 

as this moment is relatively small with respect to 

the magnetic moment due to spin motion, it will 

only be important when the latter is absent, i.e. 

in diamagnetic material (see section 2.2.2). 

Spin motion of the electrons 

An electron can only spin in two opposite 

directions, namely up or down the orientation of 

its pole. Hence, it has an associated magnetic  
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Table 2.1: Transition elements (Z 21 to Z 30), their common ions, number of 3d electrons, electron spin directions 

and magnetic moment expressed in terms of μB [From Klein et al., 2002]. 

moment with a constant magnitude equal to the 

Bohr magneton µB: 

    
   

    
                       [2.8] 

Because of the Pauli exclusion principle, 

which states that no two electrons in any one 

atom may have all four quantum numbers (i.e. n, 

l, m and s) the same, there are usually two 

electrons per orbital with opposite spin. 

Therefore, only atoms with unpaired 

electrons have a net spin magnetic moment. 

The most important elements that produce net 

magnetic moments are the transition elements 

with unpaired electrons in 3d orbitals, e.g. Fe 

and Mn. The distribution of electrons in the five 

3d orbitals is given by Hund’s rule, which states 

that electrons entering a subshell with more than 

one orbital will be distributed over the available 

orbitals with their spins in the same direction 

(Table 2.1). Therefore, the net magnetic moment 

of an element due to electron spin can be 

expressed as multiples of   , e.g. the magnetic 

moment of Fe
3+

 and Mn
2+

 is equal to 5 times   . 

Although the individual ions are classified as 

more or less magnetic, there is still the question 

how ions interact in crystal structures. Random 

arrangements of net magnetic moments will give 

rise to paramagnetic behavior, whereas 

magnetically ordered magnetic moment due to 

exchange forces gives rise to ferromagnetism 

(s.l.) (see section 2.2.2). 

Nuclear spin of the protons and neutrons 

Also the nucleus of an atom has an intrinsic 

spin, which one can image to some extent by 

assuming that the nucleus spins about its own 

axis. As the nucleus is positively charged, the 

nuclear spin has an associated magnetic 

moment. However, the nuclear magnetic 

moment is a thousand times smaller than 

those due to electron motion because its 

mass is much larger (see equation [2.8]). 

Therefore it can be neglected when dealing with 

rock magnetic properties. 

Thus, we can recapitulate by saying that rock 

magnetism arises from electron motion in the 

rock‘s constituent atoms. When an external 

magnetic field is applied to the rock, or a 

mineral, the electron motion is modified, 

resulting in an induced magnetization. 

2.2.2 Classes of magnetic material 

Although equation [2.3] provides a simple 

relationship between the magnetization and the 

magnetic field strength, substances respond in 

different ways to an external magnetic field. 

Based on their response to an external 

magnetic field, materials can be divided into 

three major groups: diamagnetic, paramagnetic 

and ferromagnetic (sensu lato - s.l.). 

Ferromagnets (s.l.) differ strongly from the 

former two types of substances because these 

atomic moments exhibit strong interactions 

which results in an ordering of the magnetic 

moments even in the absence of a magnetic 

field, and in some cases with very high magnetic 

susceptibilities. Based on the nature of this 

magnetic ordering, ferromagnetism (s.l.) is again 

subdivided in four groups: ferromagnetic (sensu 

stricto – s.s.), antiferromagnetic, spin-canted 

antiferromagnetic, and ferrimagnetic. 
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Fig. 2.3: Different forms of magnetization. The left-hand diagrams show the magnetization (hollow arrow) that the 

substance acquires when an external magnetic field is applied (black arrow), while the right-hand diagram 

illustrates the magnetization present after the field has been removed [Modified from Tarling and Hrouda, 1993]. 

The different behavior types of the magnetic 

moments with and without an externally applied 

magnetic field are summarized in Fig. 2.3. 

As pointed out in the introduction, fine-grained 

sedimentary rocks generally show a dominant 

paramagnetic behavior and the main research 

interest for this work focuses on the magnetic 

susceptibility and its anisotropy due to 

paramagnetic minerals, e.g. phyllosilicates. 

However, in most cases fine-grained 

sedimentary rocks also contain a contribution to 

the magnetic susceptibility from diamagnetic 

and ferromagnetic minerals. Approaches to 

isolate the AMS contribution due to 

paramagnetic minerals, make use of the 

characteristic temperature- and field-dependent 

behavior of these different forms of 

magnetization. Therefore, the characteristic 

properties of diamagnetic, paramagnetic and 

ferromagnetic (s.l.) magnetization are discussed 

here. 

Diamagnetism 

In diamagnetic materials all electrons are paired. 

The magnetic moment associated with electron 

spins are compensated and the net magnetic 

moment arises only from the precession of 

electron orbits. As explained above, the 

magnetic moment associated with precession is 

proportional to the applied field and it is induced 

in a sense opposite to the applied field (Fig. 

2.3(a); Fig. 2.4(a)). The magnetization 

completely disappears when the external field is 

removed, i.e. there is no magnetic remanence 

(Fig. 2.3(a)), and the magnetization is 

independent of temperature (Fig. 2.4(b)). 

The classical Langevin expression for 

diamagnetism relates the diamagnetic 

susceptibility to the atomic number Z (i.e. the 

number of electrons per atom), the square 

orbital radius r
2
 (i.e. the average radial distance 

of the electrons from the axis defined by the 

applied field) and the number of atoms per unit 

volume: 

            
        

      

    
       [2.9] 

As the number of atoms per unit volume is 

inversely related to both Z and r
2
, the 

diamagnetic susceptibility is relatively constant 

for most atoms. When the atoms are structured 

in a crystal lattice, the nature of the bonds 

between atoms can facilitate stronger electron 

motion in certain directions which will then result 

in magnetically anisotropic diamagnets, e.g. 

calcite. For most materials, the (bulk) 

diamagnetic susceptibility is between - 10 and 

- 20 µSI. Important rock-forming minerals, which 

have a diamagnetic behavior, are quartz and 

calcite. 

 

Fig. 2.4: (a) Variation of the magnetization as a 

function of the applied field strength for a diamagnetic 

material. (b) Variation of the magnetic susceptibility 

as a function of temperature for a diamagnetic 

material [From Moskowitz, 1991]. 



CHAPTER 2 AMS: THEORETICAL BACKGROUND 

19 

Paramagnetism 

In paramagnetic materials, permanent magnetic 

moments are present that are associated with 

the electron spin of unpaired electrons (see 

above). The major contributors to 

paramagnetism are the transition elements Fe
2+

, 

Fe
3+

 and Mn
2+

, only rarely are ions of Ni, Cr, Co 

or REE sufficiently abundant to contribute 

significantly. In zero magnetic field, these 

magnetic moments are randomized by thermal 

energy (Fig. 2.3(b)). If an external magnetic field 

is applied, the magnetic field outweighs the 

randomizing thermal energy and the magnetic 

moments become partially aligned. Therefore, 

the magnetization is dependent on the 

alignment energy, which is governed by the 

applied field (Fig. 2.5(a)), and the thermal 

energy, governed by the temperature (Fig. 

2.5(b)). It is induced in the direction of the 

applied field and disappears when the external 

field is removed (Fig. 2.3(b)). 

Paramagnetic behavior can be described by the 

classical Langevin function L(α), which is using 

Boltzmann thermodynamics in order to calculate 

the probability of the magnetic moments being 

aligned, and which is integrating this probability 

over the entire range of possible angles 

between the atomic moment and the applied 

field: 

                            
 

 
 [2.10] 

where L(α) is the Langevin function for   

 
      

    
 and N is the number of magnetic 

moments per unit volume. If the magnetic 

alignment energy is small compared to the 

thermal energy (i.e. α ⪡ 1), equation [2.10] can 

be approximated as L(α) = α/3 and the 

magnetization equation simplifies to: 

   
 

 

        

    
           [2.11] 

For these cases, the paramagnetic susceptibility 

can be expressed as: 

            
 

 
  

 

 

       

    
  

 

 
       [2.12] 

This is the definition of the Curie law. The Curie 

constant C (= 
       

     
) is a material constant 

expressing the concentration and strength of the 

magnetic moments present in the material. In a  

 

Fig. 2.5: (a) Variation of the magnetization as a 

function of the applied field strength for a 

paramagnetic material. (b) Variation of the magnetic 

susceptibility as a function of temperature for a 

paramagnetic material [From Moskowitz, 1991]. 

natural rock, the total magnetic moment 

primarily originates from Fe
2+

, with a net 

magnetic moment of 4 µB, and Fe
3+

 and Mn
2+

, 

with a net magnetic moment of 5 µB. Hence, the 

paramagnetic susceptibility can approximated 

with an equation of Collinson [1983] that 

expresses the maximum theoretical 

paramagnetic susceptibility (κMTPS) in terms of 

the concentration of Fe
2+

, Fe
3+

 and Mn
2+

: 

                                     

                           [2.13] 

In this equation d is the rock density and c(FeO), 

c(Fe2O3) and c(MnO) are the oxide weight 

percent of ferrous oxide, ferric oxide and 

manganese oxide, respectively. Equation [2.13] 

is used in this work to estimate the bulk 

paramagnetic susceptibility (~κMTPS) from 

geochemical measurements (see section 3.5). 

As the individual magnetic moments are 

completely independent of one another and the 

total magnetic moment is a summation of all 

magnetic moments, a paramagnetic material 

should be magnetically isotropic. However, 

‗pure paramagnets‘ are very rare, the best 

example probably being a dilute gas of 

monoatomic hydrogen atoms. For most rock-

forming paramagnetic minerals, the behavior 

described by equation [2.13] is modified by a 

very weak exchange coupling (see next 

section), resulting in Curie-Weiss 

paramagnetism. This exchange coupling is 

equivalent to the interaction through a molecular 

field, whose intensity is proportional to the 

magnetization of the material:         , with λ 

as the molecular field coefficient. 
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Fig. 2.6: Temperature dependence for pure 

paramagnetism (pm.), for Curie-Weiss 

paramagnetism with antiferromagnetic (afm.) coupling 

and for Curie-Weiss paramagnetism with 

ferromagnetic (fm.) coupling [Modified from Borradaile 

and Jackson, 2004]. 

Many Fe- and Mn-bearing silicate minerals, 

including a number of important phyllosilicates 

such as biotite, muscovite and chlorite, show 

this type of magnetic behavior. We still speak of 

‗paramagnets‘ because these materials do not 

show a permanent magnetic ordering in the 

absence of an external field. This is because the 

exchange interaction is overcome by thermal 

motion in the common temperature range. For 

these temperatures, the magnetization and 

susceptibility are expressed as: 

  
       

 
  

       

 
  

  

      
 [2.14] 

  
 

 
  

 

    
  

 

      
    [2.15] 

Hence, the paramagnetic Curie temperature 

θp, or the Weiss temperature, describes the 

nature and strength of the exchange interaction 

and is directly related to the molecular field 

coefficient λ. The sign of θp depends on whether 

ferromagnetic (θp > 0 K) or antiferromagnetic 

(θp < 0 K) interactions dominate whereby the 

latter are in general much weaker (see further). 

At sufficiently low temperatures, the thermal 

energy is insufficient to overcome the exchange 

interaction and equation [2.15] is no longer valid. 

This can be visualize in a plot of 1/κ versus 

temperature, whereby the susceptibility loses its 

characteristic temperature dependence upon 

approximating θp (Fig. 2.6). 

Ferromagnetism 

Ferromagnetic (s.l.) material, just as 

paramagnets, contain permanent magnetic 

moments due to uncompensated electron spins. 

The difference is that instead of being 

randomized due to thermal agitation, the 

magnetic moments in a ferromagnetic 

substance are spontaneously oriented parallel to 

one another, even in the absence of an external 

field. Therefore, unlike diamagnetic and 

paramagnetic substances, ferromagnetic 

substances can have a remanent 

magnetization (Mr). The spontaneous 

magnetization arises from the interactions 

between adjacent atomic moments. If the 

distance between neighbouring atoms is small 

enough, the electron orbitals overlap and an 

exchange interaction or coupling occurs 

between the magnetic moments, which can only 

be understood in quantum-mechanical terms. 

The exchange interaction can occur directly, 

resulting in an alignment of all magnetic 

moments (Fig. 2.3(c)). This true quantum 

exchange behavior occurs only in some metals, 

e.g. iron, nickel, manganese and cobalt. These 

substances are called ferromagnetic (sensu 

stricto - s.s.). If the nearest-neighbour cations 

are too far apart for a direct exchange, the 

interaction can occur through the electron shell 

of an intermediate anion, e.g. oxygen ions in 

oxide components. This coupling force is termed 

the superexchange force. As a result of the 

overlap of the cation of the transition element 

and the intermediate anion, the resultant spin 

vectors of the adjacent cations are reversed, 

creating two oppositely magnetized, but 

intimately mixed, lattices within the substance. A 

configuration in which the magnetization in each 

lattice is constant and opposite in direction to 

the adjacent lattice yields no net magnetization 

(Fig. 2.3(d)). Such substances are termed 

antiferromagnetic. An example of such a 

substance is ilmenite (FeTiO3). However, if the 

lattices contain consistent defects, adjacent 

lattices can have a slightly different 

magnetization or they may not be exactly anti-

parallel (Fig. 2.3(e)). This leads to an 

uncompensated magnetization in the direction 

perpendicular to the lattice average direction. 

These substances exhibit a parasitic 

ferromagnetism or spin-canted 

antiferromagnetism. Goethite (FeO(OH)) and 

hematite (Fe2O3) are common minerals that 

show this type of behavior. A fourth type of 

ferromagnetic (s.l.) material is characterized by 

a consistent difference in magnetization 

between adjacent lattices, e.g. because one 
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lattice contains more transition cations (Fig. 

2.3(f)). These substances are termed 

ferrimagnetic. The most important 

ferrimagnetic mineral is magnetite (Fe3O4). 

The behavior of ferromagnetic (s.l.) 

magnetization as a function of temperature and 

applied field is much more complex than that of 

diamagnetic and paramagnetic magnetization. 

For a start, above a certain temperature the 

exchange forces between adjacent atomic 

moments are overcome by thermal vibration of 

the electrons and the substance will revert to 

paramagnetic behavior. The temperature limit, 

above which the exchange is destroyed, is the 

Curie temperature (TC) for ferrimagnetic 

substances and the Néel temperature (TN) for 

(spin-canted) antiferromagnetic substances. 

These temperatures are specific to particular 

compositions, e.g. TC = 770°C for pure iron, 

TC = 578°C for pure magnetite and TN = 680°C 

for pure hematite. Furthermore, below TC or TN, 

certain ferromagnets (s.l.) go through phase 

transitions at a specific temperature, affecting 

the magnetization, remanent magnetization 

and/or susceptibility of the substance. For 

example, upon cooling below – 155°C (= 118 K) 

the structure of magnetite changes from cubic to 

orthorhombic, i.e. the Verwey transition, and 

hematite exhibits a phase transition at – 11°C 

(= 262 K), known as the Morin transition, 

below which the lattice spins become exactly 

parallel and hence, the spin-canted 

antiferromagnetism changes into 

antiferromagnetism. As both TC and TN, and the 

phase transition temperatures of the common 

ferromagnetic (s.l.) minerals are well known, 

investigating a rock‘s magnetization or remanent 

magnetization as a function of temperature can 

lead to an identification of the ferromagnetic 

(s.l.) minerals present (see section 2.4.3). 

In order to understand the magnetization 

behavior of ferromagnetic (s.l.) substances as a 

function of applied field, we need to invoke the 

domain theory, which was proposed by Weiss 

and built to a large extent on earlier work carried 

out by Ampère, Weber and Ewing. Magnetic 

domains are regions in mineral grains in which 

all magnetic moments are aligned and that exist 

in order to reduce the total energy of the 

ferromagnetic (s.l.) substance. Because 

domains possess a uniform magnetization, they 

will behave as a magnetic dipole. A 

demagnetization field (Hd) is generated at the 

surface of the domain that opposes the (internal) 

magnetization of the domain (Fig. 2.7(a)). As a 

consequence, magnetic domains that are too 

large tend to break up to reduce their 

associated magnetostatic energy, i.e. the 

north and south pole are brought closer to each 

other (Fig. 2.7(b-d)). The ‗boundaries‘ between 

the various domains having differently oriented 

magnetic moments are called domain walls. In 

these transition regions from one domain to 

another, adjacent magnetic moments are not 

aligned, which is energetically unfavorable, i.e. it 

requires exchange energy. Therefore, the 

domain state of a ferromagnetic (s.l.) substance 

is the result of an equilibrium between the 

decreasing magnetostatic energy, resulting from 

dividing the substance in many domains, and 

the energy involved in forming a domain wall. 

Furthermore, the domain state is also governed 

by the anisotropy energy, which favors 

magnetization of the domains in certain 

crystallographic directions, e.g. due to an 

anisotropic crystalline electric field or due to the 

effect of mechanical stress on the crystal, which 

can arise from magnetically induced changes in 

shape or from crystal imperfections. Magnetic 

domains typically have a volume of about 10
-12

 

to 10
-8

 m
3
 and contain 10

17
 to 10

21
 atoms. So, as 

a rule of thumb, the larger the grain size of the 

ferromagnetic (s.l.) substance the more domains 

it contains. Grains that exist of only one 

magnetic domain are termed single-domain 

(SD), whereas grains that exist of two or more 

domains are termed multidomain (MD). 

 

Fig. 2.7: Formation of magnetic domains due to an 

equilibrium between the magnetostatic energy and 

the energy involved in forming a domain wall. (a-c) 

Decreasing the domain size reduces the 

magnetostatic energy. (d) The energetically most 

favorable state is reached when the domain 

magnetization forms a more or less equidimensional 

closure pattern [Modified from Moskowitz, 1991; 

Tarling and Hrouda, 1993]. 
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The main implications of the magnetic domains 

are (1) that the magnetization of ferromagnetic 

(s.l.) substances can already be influenced by 

the application of very low magnetic fields and 

(2) that ferromagnetic (s.l.) substances have a 

saturation magnetization (Ms), i.e. the maximum 

induced magnetic moment that can be obtained. 

The response of a multidomain ferromagnetic 

(s.l.) substance to a progressively increasing 

magnetic field is illustrated in Fig. 2.8. In the 

absence of an external magnetic field, the 

domains of the unmagnetized substance are 

randomly oriented so that the net magnetic 

moment is zero (Fig. 2.8(a)). When the 

substance is placed in an external magnetic 

field, the size of the favorably oriented domains 

increases through ‗domain wall motion‘ and the 

domains tend to rotate into alignment with the 

applied field because the applied field opposes 

the demagnetization field Hd of those domains 

and hence, decreases their magnetostatic 

energy. This results in a net magnetization in the 

direction of the applied field (Fig. 2.8(b)). The 

response continues as increasingly stronger 

magnetic fields are applied and the domains in 

which the magnetic moment are not aligned with 

the external field become very small (Fig. 

2.8(c)). When all remaining domains are aligned 

(Fig. 2.8(d)), a further increase of the magnetic 

field cannot cause further alignment of the 

magnetic moments and the substance is 

saturated. When the external field is removed, 

the large and uniformly magnetized domains will 

shrink and disperse their magnetization 

directions in order to reduce the large 

magnetostatic energy associated with the 

domain state of saturation. Consequently, the 

net magnetization will decrease although, a net 

remanent magnetization will remain in the 

direction of the previously applied field (Fig. 

2.8(e)). 

The behavior of SD ferromagnetic (s.l.) 

substances is significantly different as that of 

MD substances because besides being in a 

‗normal‘, stable single domain (SSD) state, 

they can also be in a superparamagnetic (SP) 

state. The state of a SD particle depends firstly, 

on the particle‘s thermal energy and secondly, 

on the energy barriers that arise from the 

magnetocrystalline, magnetoelastic and/or 

shape anisotropy (see section 2.3.1 ), which are 

all proportional to the particle‘s volume. The 

temperature, below which a particle of a given 

volume goes from a SP to a SSD state is known 

as the blocking temperature (TB). Likewise, the 

volume at which a particle at a given 

temperature goes from being unblocked to 

blocked is called the blocking volume (VB). 

In the SSD state, the energy barriers are 

relatively large with respect to the thermal 

energy and the magnetization is ―blocked‖, i.e. 

there is no spontaneous reversal. Relatively 

high fields are required in order to flip the 

internal magnetization into alignment with the 

applied field. Hence, a SD particle in SSD state 

shows generally a relatively slow response to 

the applied field: it is magnetically ―harder‖ with 

respect to a MD particle of the same substance. 

In the SP state on the other hand, the thermal 

energy is sufficient to overcome the barriers to a 

reversal of magnetization and hence, the 

magnetization will continuously flip direction. 

The time between two flips is known as the Néel 

relaxation time (τ). For example for SD 

magnetite, τ is about 10
-9

 s [Worm, 1998], which 

is much smaller than the time over which the 

magnetization is measured in a common 

magnetometer (i.e. the time of observation, τobs). 

Therefore, the magnetization of 

superparamagnetic SD particle in absence of an 

external field appears to be in average zero, i.e. 

there is no magnetic remanence. In an applied 

 

Fig. 2.8: Behavior of the magnetic domains in a ferromagnetic (s.l.) multidomain substance that is 

(a) unmagnetized, (b to d) placed in a progressively increasing applied field and (e) removed out of the applied 

field [Modified from Serway and Jewett, 2004]. 
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field, there will be a net statistical alignment of 

magnetic moments. The difference with regular 

paramagnetism is that the magnetic moment is 

not that of a single atom, but that of a SD 

particle containing around 10
5
 atoms. Therefore, 

the magnetic susceptibility will be generally 

higher than that of a typical paramagnetic 

substance. 

It must be noted that the magnetization of a 

ferromagnetic (s.l.) substance does not merely 

depend on the applied field as it is the case for a 

diamagnetic or paramagnetic substance. Also 

the previous magnetization state and the 

domain state, which is in turn controlled by grain 

size, shape and mineralogy, the applied 

magnetic field, temperature, stress and crystal 

defects as well as other more minor factors, 

govern the response of a ferromagnetic (s.l.) 

substance to an applied field. Therefore, 

ferromagnetic (s.l.) magnetization cannot be 

expressed through a general equation such as 

the Langevin function for paramagnetic 

magnetization [eq. 2.10]. Instead the 

magnetization curve, i.e. a graph of the 

magnetization as a function of the applied field 

which is successively induced in opposing 

directions, shows a hysteresis loop (Fig. 2.9). 

The shape and size of the magnetic hysteresis 

loop give information on the properties of the 

ferromagnetic (s.l.) substance. The saturation 

magnetization (Ms) is the maximum 

magnetization that can be induced and the field 

strength required to achieve Ms is the saturating 

magnetic field (Hs). The magnetization that 

remains after the field is gradually reduced to 

zero is the saturation remanent magnetization 

(Mrs) and the (negative) field that is required to 

bring the net magnetization back to zero is the 

coercivity (HC). The hysteresis loop of a ―soft‖, 

typically multidomain substance, is 

characteristically narrow, corresponding to a 

small Mrs and a low HC. These materials can be 

easily magnetized and demagnetized by an 

external field. ―Hard‖ ferromagnetic substances 

typically have a broad hysteresis loop, 

corresponding to a large Mrs and high HC, and 

cannot be easily demagnetized. 

 

Fig. 2.9: Magnetic hysteresis loop for a multidomain 

ferromagnetic (s.l.) substance. The shape and size of 

the loop depend on the properties of the 

ferromagnetic (s.l.) substance. Ms is the saturation 

magnetization, Hs the saturating magnetic field, Mrs 

the saturation remanent magnetization and HC the 

coercivity [Modified from Serway and Jewett, 2004]. 

2.3  Magnetic anisotropy of 

paramagnetic rocks and minerals 

The previous section explained how substances 

such as a rock or a mineral can acquire a 

magnetization in the presence of an external 

magnetic field. The response to the applied field 

is termed the magnetic susceptibility. As 

explained in the introduction chapter, we are not 

interested in the rock‘s magnetic susceptibility 

as a bulk property, but in the anisotropy of this 

property. If a rock acquires a stronger (or a 

weaker) magnetization in a specific direction 

than in others, using the same applied field, we 

say that the rock is magnetically anisotropic. 

This directional variability of the magnetic 

susceptibility in a substance is termed the 

anisotropy of magnetic susceptibility (AMS). 

Note that also other magnetic properties can be 

anisotropic, e.g. anhysteretic remanent 

magnetization (ARM). This section is about the 

mechanisms responsible for a substance‘s 

magnetic anisotropy. First, the different 

mechanisms that give rise to an intrinsic 

magnetic anisotropy of mineral grains are 

explained and subsequently, the mechanisms 

that govern the AMS of the whole rock are 

introduced. 
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2.3.1 Grain-scale AMS of rock-forming 

minerals 

Magnetocrystalline anisotropy 

In crystals, the transition element cations (e.g. 

Fe
2+/3+

, Mn
2+

) are located in a lattice structure. 

As a consequence, the superexchange force 

between adjacent cations varies systematically 

with direction in the lattice. In general, a 

magnetocrystalline anisotropy is produced if the 

exchange interactions in the substance are 

affected by the spatial configuration of the 

transition element cations and the intermediate 

anions. The magnetization prefers to lie along 

specific crystallographic directions resulting in 

one or more easy axes of magnetization, i.e. 

energetically favorable directions. Hence, a 

crystal with a strong magnetocrystalline 

anisotropy shows a correspondence between 

the crystal structure and AMS. For example, the 

magnetization of hematite (a spin-canted 

antiferromagnetic mineral at room temperature) 

lies only in the basal plane and therefore the 

mineral has a magnetic susceptibility a 100 

times larger parallel to than normal to the basal 

plane. 

Magnetocrystalline anisotropy is also the 

dominant mechanism responsible for the 

intrinsic anisotropy of (Curie-Weiss) 

paramagnetic minerals, including many Fe-

bearing silicates (e.g. mica, chlorite, hornblende, 

tourmaline). We have seen in section 2.2.2 (Fig. 

2.6) that in these minerals the ideal 

paramagnetic behavior is modified by weak 

exchange forces. Note that for a given crystal, 

the exchange interaction can be ferromagnetic 

in one direction and antiferromagnetic in another 

one. This is e.g. the case in the phyllosilicate 

biotite, which has a pronounced magnetic 

anisotropy that results from a fairly strong 

ferromagnetic interaction within the basal plane 

(θp > 0 K) and a weak antiferromagnetic 

interaction in the direction of the crystallographic 

c-axis (θp < 0 K). The nature and strength of the 

exchange interactions can be described by the 

Weiss temperature θp, which is directly related 

to the molecular field coefficient λ [eq. 2.14] and 

should therefore be expected to be anisotropic. 

The Curie constant C is a product of non-

directional scalar quantities [eq. 2.12] and might 

thus be expected to be isotropic. However, 

experimentally it is found that the Curie constant 

varies with orientation in various minerals. This 

can be explained by preferred electron-orbital 

orientations for the cations in the crystal lattice. 

In general, the room temperature AMS of an 

individual (Curie-Weiss) paramagnetic crystal is 

related to directional differences in both C 

and θp. 

An important property of magnetocrystalline 

anisotropy is that it is dependent on 

temperature. This is because with increasing 

temperature the (relatively weak) exchange 

forces are more and more suppressed by the 

thermal agitation of the electrons of the 

transition element cations. Therefore, (Curie-

Weiss) paramagnetic anisotropy increases with 

decreasing temperature. The intensity of this 

increase depends on the directional differences 

in both C and θp and hence, is fairly consistent 

for a given mineral. Schmidt et al. [2007b] have 

defined the factor p77 to describe this increase 

in AMS for a given mineral. 

Shape (magnetostatic) anisotropy 

The principle of shape anisotropy or 

magnetostatic anisotropy is similar to that 

responsible for the formation of magnetic 

domains (Fig. 2.7). Mineral grains that have their 

atomic moments aligned by an external field that 

is applied in a direction i, will create magnetic 

poles at opposite points on the surface of the 

grain. These poles generate a demagnetization 

field (Hd) that is proportional to the grain 

magnetization. The constant of this 

proportionality is the demagnetization factor (Ni), 

which shows a directional dependency in non-

equidimensional grains. For grains with a weak 

intrinsic susceptibility, such as all diamagnetic, 

paramagnetic and antiferromagnetic grains, the 

self-demagnetization effect is negligible, and the 

intrinsic magnetic anisotropy is entirely 

controlled by the crystallography. But for 

ferromagnetic (s.s.) and ferrimagnetic grains, 

which are characterized by a high intrinsic 

susceptibility, the magnetostatic forces – the 

self-demagnetization fields – are important. In 

non-equidimensional grains, these forces can be 

reduced when the magnetic north and south 

pole of the grain are furthest apart. 

Consequently, the magnetization is 

preferentially induced along the long axis of the 

grain so that the internal, magnetostatic forces  
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Fig. 2.10: Shape anisotropy of non-equidimensional 
ferromagnetic (s.s.) or ferrimagnetic grain. M is the 
magnetization of an ellipse, wherein (a) the magnetic 

field is applied parallel to the long axis of the grain, 
and (b) the magnetic field is applied along the short 
axis of the ellipse [From Almqvist, 2010]. 

are minimized (Fig. 2.10). Magnetite is an 

example of a mineral strongly affected by shape 

anisotropy when the grains are not 

equidimensional. 

Magnetostriction and stress effects 

Magnetization produces small spontaneous 

strains in most ferromagnetic (s.l.) substances. 

When the substance expands or contracts 

(positive or negative magnetostriction, 

respectively), the distance between adjacent 

magnetic moments are changed. This may 

cause a change in the magnetization of the 

substance. Conversely, an applied stress can 

produce a magnetoelastic anisotropy that 

increases or reduces the energy associated with 

magnetization in the direction of compressive or 

tensile stress. 

2.3.2 Whole-rock AMS 

Textural anisotropy 

A rock in which the mineral grains have a 

uniform orientation distribution will have no 

magnetic anisotropy because the minerals 

cancel out each other‘s intrinsic magnetic 

anisotropy. In contrast, a rock in which the 

mineral grains show a preferred orientation, e.g. 

a linear or planar fabric, will have an anisotropy 

that is related to the fabric and the intrinsic 

anisotropy of its mineral components. In an ideal 

situation, in which the rock‘s AMS arises from 

only one type of magnetic minerals and all these 

minerals are perfectly aligned, the whole-rock‘s 

AMS will be identical to the intrinsic magnetic 

anisotropy of that type of mineral. In a more 

realistic, geologic situation, the whole-rock‘s 

AMS depends on the minerals present, their 

relative abundances, their specific 

susceptibilities, their intrinsic grain-scale 

anisotropies and their orientation distributions. 

This type of anisotropy, in combination with the 

magnetocrystalline anisotropy of paramagnetic 

mineral components, is the main focus of this 

work. 

Distribution (interaction) anisotropy 

If grains with strong intrinsic susceptibilities, i.e. 

ferromagnetic (s.s.) or ferrimagnetic grains, are 

not uniformly distributed in a rock, the interaction 

of magnetostatic forces, i.e. the self-

demagnetization fields, between neighbouring 

grains may be anisotropic. This phenomenon is 

termed distribution anisotropy or interaction 

anisotropy. For example, when a field is 

applied parallel to a chain of magnetite grains, 

the induced magnetization of the magnetite 

grains are mutually reinforcing, i.e. the 

interaction fields are parallel to the applied field. 

The effective susceptibility along the chain of 

grains is therefore larger than that of the same 

number of grains when dispersed. Conversely, if 

the field is applied perpendicular to the chain of 

magnetite grains, the induced moments produce 

fields that oppose the applied field and diminish 

the effective susceptibility. Because the induced 

demagnetization fields are so small, distribution 

anisotropy will be negligible if the rock‘s 

magnetic anisotropy is dominated by 

diamagnetic, paramagnetic and/or 

antiferromagnetic grains. 

2.4  Quantifying the anisotropy of 

magnetic susceptibility 

2.4.1 The susceptibility tensor and ellipsoid 

In equation [2.3] κ is simply a scalar, which 

implies that the magnetization will be parallel to 

the direction of the applied field and it will have 

the same magnitude in every direction. We have 

now learned that substances are not always 

magnetically isotropic. In order to express this 

directional variability of the magnetic 

susceptibility mathematically, the equation can 

be altered so that κ is described as a symmetric 

(i.e. κij = κji) second rank tensor: 



CHAPTER 2 AMS: THEORETICAL BACKGROUND 

26 

 

Fig. 2.11: The tensor which defines the magnetic 

susceptibility anisotropy can be visualized by the 

magnetic susceptibility ellipsoid with three orthogonal 

axes that correspond to the eigenvalues of the 

susceptibility tensor. (a) An oblate susceptibility 

ellipsoid with K1 ≈ K2 >> K3 and (b) a prolate 

susceptibility ellipsoid with K1 >> K2 ≈ K3 [From 

Martín-Hernández, 2002]. 

 

  

  

  

    

         
         
         

  

  
  
  

  [2.16] 

The terms in the diagonal                are 

termed the principal values or eigenvalues. 

Their orientations are the principal directions or 

eigenvectors. Most magnetic fabric studies use 

normalized principal values, these are 

referred to as Kmax ≥ Kint ≥ Kmin or K1 ≥ K2 ≥ K3. In 

this work, we use the latter annotation. The bulk 

susceptibility Km [Nagata, 1961] is used as 

normalizing factor.  

        

       

       

       
   [2.17] 

                           

Km is the mean of the susceptibility eigenvalues 

and is equivalent to the mean value of the 

integral of the directional susceptibility over the 

whole specimen. The geometric representation 

of this tensor is an ellipsoid from which the 

principal axes correspond to the susceptibility 

tensor‘s eigenvalues, i.e. the magnetic 

susceptibility ellipsoid (Fig. 2.11). This 

ellipsoid, and hence AMS, can be described in 

terms of its shape and eccentricity. 

2.4.2 Orientation analysis 

The orientations of the principal susceptibility 

values are commonly plotted on lower-

hemisphere equal-area stereographic 

projections. For magnetic fabric studies, it is 

common practice to plot the orientations of K1, 

K2 and K3 as squares, triangles and circles, 

respectively. Characterizing the mean 

orientation of principal orientations from 

numerous samples (or a number of specimens 

from a single sample) is however, a bit more 

complicated. Treating the principal orientations 

as independent lines would result in incorrect, 

non-orthogonal means for the principal 

orientations of the mean tensor. Another issue 

for the calculation of mean susceptibility tensors 

arises from the variation in susceptibility values 

between different samples. The orientation of 

the mean tensor could be distorted by high 

susceptibility samples. Therefore, the 

determination of the mean susceptibility tensors 

from numerous samples requires a tensor-

statistical calculation. In this work, we use the 

Jelínek approach, which guarantees that the 

mean of the principal orientations are mutually 

orthogonal and that an excessive influence of 

high susceptibility samples is averted by 

normalizing the susceptibility intensities [Jelínek, 

1978]. This approach uses a multivariate 

population description (of the samples‘ principal 

orientations), in which the population behavior is 

summarized in terms of the covariance matrix, in 

order to calculate the mean orientation and 95% 

confidence intervals (E12, E23 and E31, 

respectively) for the orientations of the principal 

susceptibilities. An alternative approach is the 

boot-strap method of Constable and Tauxe 

[1990], which delineates the confidence areas 

using Monte Carlo probability modeling. Both 

approaches are reviewed and compared by 

Owens [2000]. 

In order to interpret the magnetic fabric of a 

deformed, fine-grained sedimentary rock, it is 

not only important to know the orientation of the 

principal susceptibilities, but also to determine 

their relationship with the macroscopic fabric 

elements. Based on the magnetic fabric 

evolution shown in Fig. 1.2(a), we can use the 

orientation of K1 and K3 with respect to the 

bedding foliation (S0) and the tectonic or 

cleavage foliation (S1) to track the degree of 

contractional deformation. The relative 

orientation of K3 with respect to S0 and S1 can 

be quantified by a term we call the normalized 

difference angle (S1^K3)norm, which has a value 

of ‗0‘ if the magnetic fabric is perfectly cleavage  
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Fig. 2.12: Stereographic projection of the AMS principal directions and the macroscopic fabric elements in 

geographic coordinates and in coordinates rotated in a way that the cleavage plane is horizontal and the bedding 

dips northwards: (a) a sample with a girdle distribution between the bedding and cleavage pole for K3 and (b) a 

sample with a clustered distribution parallel to the cleavage pole for K3. 

parallel and a value of ‗1‘ if the magnetic fabric 

is perfectly bedding parallel. 

             
       

               
         [2.18] 

with (S0/1^K3) is the angle between S0/1 and K3 

The orientation of K1 and K3 with respect to the 

macroscopic fabric elements can be visualized 

on a stereographic projection. However, when 

numerous samples are analyzed together, this 

will result in an unreadable stereoplot. A solution 

for this problem is rotating the AMS dataset in a 

way that for each sample the cleavage plane 

represents the horizontal of the stereographic 

projection and the bedding dips northwards (with 

a dip that is equal to the angle between bedding 

and cleavage). With this rotated sample 

coordinate system, the relative orientation of 

the principal magnetic axes with respect to the 

macroscopic fabric elements can be visualized 

on a single stereographic projection for the 

different specimens and samples from an 

outcrop zone (see further for outcrop 

terminology). After this operation, the samples 

with a K1 orientation along the bedding-cleavage 

intersection will have the K1 orientations 

clustered in an E-W direction (Fig. 2.12(a-b)). All 

samples with a randomly oriented K3 in the 

plane between the bedding and cleavage plane, 

will show a girdle distribution for K3 that is 

directed from the vertical position towards the 

bedding poles, i.e. the south (Fig. 2.12(a)). On 

the other hand, all samples with a cleavage-

parallel fabric will have their K3 orientations 

clustered in the vertical direction (Fig. 2.12(b)). 

The cluster/girdle tendency of the K1 

distribution, whether parallel to the bedding-

cleavage intersection or not, and the transition 

from a girdle to cluster tendency for the K3 

distribution can be quantified by means of a 

two-axis ratio diagram of the Woodcock 

parameters [Woodcock, 1977; Parés et al., 

1999]. For this approach, three eigenvectors (v1 

v2, v3) and the corresponding eigenvalues (l1 l2, 

l3) are computed on the basis of the orientation 

data, in our case the rotated orientation 

distribution of K1 and K3, respectively. 

Eigenvector v1 can be considered as the 

distribution mean of K1/K3 and eigenvector v3 as 

the pole of the best-fit girdle to the distribution of 

K1/K3. The eigenvalues, which are normalized 

so that S1 + S2 + S3 = 1, form a measure of the 

degree of clustering about the respective 

eigenvectors: i.e. girdles or great circles have 

S1 ~ S2 > S3 and clusters have S1 > S2 ~ S3. For 

the Woodcock-type diagram (Fig. 2.13), two 

ratios of the three eigenvalues are plotted on a 

natural logarithmic scale. The shape parameter 

K ( = ln(S3/S2)/ln(S2/S1)) and the strength 

parameter C ( = ln(S3/S1)) express the shape 

and a measure of the strength of preferred 

orientation, respectively. K1 and K3 distributions 

that have an equal girdle and cluster tendency, 

plot on a line K = 1, whereas girdle distributions 

for K1 and K3 plot above this line (0 < K < 1) and 

cluster distributions for K1 and K3 plot below it 

(0 < K < 1). Random distributions plot near the 

graph‘s origin (low C value), strong preferred 

orientations progressively farther from the origin 

(high C value). 
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Fig. 2.13: Two-axis logarithmic plot of ratios of 

normalized eigenvalues computed from the K1 and K3 

distribution data for two examples see (Fig. 2.12), i.e. 

BR09TH004 (girdle K3 distribution) and BR13TH033 

(cluster K3 distribution). 

Fig. 2.13 shows the Woodcock two-axis ratio 

plot for the examples given in Fig. 2.12, i.e. 

sample BR09TH004 with a girdle K3 distribution 

and sample BR13TH033 with a cluster K3 

distribution. The K1 distribution of both samples 

is strongly clustered. The advantage of this 

approach is that instead of averaging the K1 and 

K3 distribution to a mean orientation and 

compute its relative orientation with respect to 

bedding and cleavage, it uses the entire 

distributions to characterize the magnetic fabric 

shape. In order to be statistically relevant, the 

Woodcock parameters will be calculated for the 

K1 and K3 orientation of the different specimens 

and samples from an outcrop zone instead of for 

every single sample. 

2.4.3 AMS parameters 

Different parameters have been proposed to 

quantify the shape and the degree of magnetic 

anisotropy on the basis of the three principal 

susceptibilities [for a complete overview, see 

Table 1.1 of Tarling and Hrouda, 1993]. Flinn’s 

fabric scheme (L, L>S, L=S, L<S, S), which is 

universally accepted in structural geology, can 

be adapted for magnetic fabric data (Fig. 

2.14(a)): 

   
  

  
       magnetic lineation (1 ≤ L ≤ ∞) 

   
  

  
      magnetic foliation (1 ≤ S ≤ ∞)    [2.19] 

   
  

  
      anisotropy degree (1 ≤ S ≤ ∞) 

 

 

Fig. 2.14: Three representations of the shape and degree of anisotropy of the magnetic susceptibility ellipsoid: 

(a) Magnetic Flinn diagram, (b) Cartesian Jelínek plot and (c) Polar Jelínek plot [Modified from Borradaile and 

Jackson, 2010]. 
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For this work, we mainly use the two Jelínek 

[1981] parameters. These have been 

introduced especially for application with 

magnetic fabrics in which anisotropy is often 

rather low and hence, more symmetric 

parameters are preferred. The corrected 

degree of anisotropy PJ expresses the 

eccentricity of the susceptibility ellipsoid. 

Magnetic isotropic ellipsoids are defined by 

PJ = 1 and PJ gradually increases for more 

anisotropic ellipsoids. 

     
               

              
              

    

(1 ≤ PJ ≤ ∞)   [2.20] 

with η1 = ln K1; η2 = ln K2; η3 = ln K3 and 

ηmean = (η1 + η2 + η3) / 3 

The second parameter is the shape parameter 

T, which combines magnetic lineation and 

foliation parameters into a single shape 

parameter. It shows a value of T = 0 for neutral 

ellipsoids, ranges between - 1 and 0 for prolate 

ellipsoids and between 0 and + 1 for oblate 

ellipsoids. 

   
            

      
 (-1 ≤ T ≤ 1) [2.21] 

Both Jelínek parameters can be plotted on a 

Cartesian axes in a so-called Jelínek plot in 

order to visualize both shape and degree of 

anisotropy from numerous samples (Fig. 

2.14(b)). If the PJ values are very low, a 

Cartesian plot can become ambiguous to 

interpret and a polar plot of PJ and T can help to 

visualize the distribution of ellipsoid shapes 

more clearly (Fig. 2.14(c)). 

If only a deviatoric tensor is available, e.g. 

when using torque magnetometry (see next 

chapter), the parameters above cannot be 

determined. Instead, one can use parameters 

which only make use of the deviatoric principal 

susceptibilities (ΔK1 = K1 – Km; ΔK2 = K2 – Km 

and ΔK3 = K3 – Km). The infrequently used k’ 

parameter [Jelinek, 1984] has proved to be a 

very effective measure of the degree of 

magnetic anisotropy. Similar to PJ, it considers 

the (deviatoric) magnitude of all three principal 

axes. 

     
     

        
        

 

 
       [2.22] 

The shape of a deviatoric susceptibility ellipsoid 

can be characterized using the shape 

parameter U [Jelinek, 1981], which ranges 

between – 1 and + 1 similar to the T parameter. 

   
           

      
  

              

        
      [2.23] 
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This chapter provides an overview of the 

methodology and techniques of the integrated 

rock magnetic and mineralogical approach 

(IRMMA) used in this work for the regional 

magnetic fabric analysis of the CAD. The 

approach consists of measurements of the 

magnetic anisotropy (section 3.2), remanence 

experiments to determine the ferromagnetic 

(s.l.) mineralogy (section 3.3), quantitative XRD 

measurements to determine the diamagnetic 

and paramagnetic mineralogy (section 3.4) and 

a chemical analysis of the Fe and Mn cations, 

whose unpaired electrons are responsible for 

the rock magnetic properties (section 3.5). For 

one specimen, an additional, independent 

texture analysis is performed using hard X-ray 

synchrotron diffraction (section 3.6). This 

experiment allows a direct comparison of the 

magnetic fabric and the different mineral 

textures. 

3.1  Sampling and sample 

nomenclature 

All samples are collected from a regional 

lithostratigraphic reference unit. This unit is 

introduced and discussed in the next chapter. 

The samples are collected using hammer and 

chisel after they have been oriented, either by 

the bedding plane, the cleavage plane or a 

random surface (e.g. a joint surface). The 

samples have a 9-character name, e.g. 

BR09TH001. Subsequently, the in-situ oriented 

hand samples are cut to a workable size for the 

AMS measurements. These sub-samples are 

termed specimens. A measurement of 

anisotropy is sensitive not only to the inherent 

magnetic anisotropy of the specimen, but also to 

the shape of that specimen. So, ideally the 

shape of a specimen is a sphere. However, it is 

difficult to manufacture and orient spherical 

specimens. Therefore, a cubic shape is used. 

The cubic specimens have a dimension of 

2 x 2 x 2 cm. The cutting procedure consists of a 

first stage, in which the samples are cut into 

several slabs that are designated with a letter 

character, and subsequently, these slabs are cut 

into a number of cubic specimens, which are 

designated with a number character. Hence, 

every specimen has a unique 11-character 

name, e.g. BR09TH001A1. On average, about 

ten specimens are obtained from a sample. The 

orientation of the sample is transferred to its 

specimens according to AGICO‘s [6 0 6 0] 

orientation parameters (Fig. 3.1): 

 b is the dip direction (azimuth) of the 

measured plane and is indicated by a 

single arrow; 

 a (orthogonal to b) is parallel with the trend 

of the measured plane and is indicated by a 

double arrow; 

 c (orthogonal to a and b) is perpendicular to 

the measured plane and directed 

downward. It is indicated by a triple arrow. 

A complete list of all samples, their location, the 

number of specimens and which analyses that 

have been performed on these specimens is 

given in Appendix 01. 

3.2  Measurements of magnetic 

anisotropy 

3.2.1 Low-field anisotropy of magnetic 

susceptibility at room temperature 

The low-field susceptibility as a function of 

direction is measured with an AGICO KLY-3S 

Kappabridge susceptibility meter at the 

KU Leuven. The Kappabridge works with a coil 

that is wound around the sample chamber and 

that can produce an alternating-current field of 

300 A/m [~4 Oe] at an operating frequency of 

920 Hz [Jelínek and Pokorný, 1997]. The coil  
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Fig. 3.1: Conventions for the orientation of the cubic 

specimens from an in-situ oriented sample. 

Abbreviations: dip dir‘n – dip direction. 

also serves as a sensor, i.e. it is a part of a LRC 

(inductor-resistor-capacitor) bridge circuit (Fig. 

3.2(a)). The change in voltage in the circuit 

without a specimen in the sample chamber and 

after a specimen is manually lowered into the 

chamber, is proportional to the magnetization of 

the specimen, and hence also its magnetic 

susceptibility. The magnetic susceptibility 

measurements are calibrated using a calibration 

standard with a magnetic susceptibility of 

135 x 10
-3

 [SI] and corrected for the empty 

sample holder using the internal data-

manipulating software, i.e. Susam (AGICO). The 

sensitivity of the Kappabridge is 4 x 10
-8

 [SI]. For 

each specimen, the magnetic susceptibility is 

measured in 15 directions (Fig. 3.2(b)), of which 

9 are unique. The internal software then uses all 

these susceptibility values and the specimen‘s 

orientation to compute the full magnetic 

susceptibility tensor and saves the tensor data 

file in standard ASCII format. Measuring the low-

field anisotropy of magnetic susceptibility at 

room temperature is the standard procedure to 

determine the magnetic fabric because it is 

relatively fast, i.e. it takes about 8 minutes for 

one specimen. Therefore, unless indicated 

otherwise, any reference to the AMS of a 

sample or specimen in this work, implies the 

low-field AMS at room temperature. 

3.2.2 Low-field anisotropy of magnetic 

susceptibility at low temperature (77 K) 

The magnetic anisotropy of (Curie-Weiss) 

paramagnetic substances increases with 

decreasing temperature and that the amount of 

increase depends on the substance‘s crystal 

structure (see section 2.3.1). Therefore, 

analyzing the AMS at low temperature has some 

diagnostic capacities to determine the mineral 

phases responsible for the magnetic anisotropy. 

The principles of determining the low-field AMS 

at low temperature (LT-AMS) are identical to 

that at room temperature (Fig. 3.2). The only 

difference is that the specimen is immersed in 

liquid nitrogen for at least ½ hour before the 

initial measurement position and 2 minutes 

between each measurement position. Lüneburg 

et al. [1999] developed this approach and tested 

it by monitoring the temperature within a   

 

Fig. 3.2: (a) Schematic diagram of the LRC bridge circuit in the Kappabridge, which uses a current (i) in the 

inductor coil (L) to create a magnetic field B in the sample chamber. A comparison is made of the electric 

characteristics of the circuit with and without the specimen in the sample chamber, and the magnetic susceptibility 

is then calculated from the change. (b) The 15 different directions of the specimen, in which the magnetization is 

successively measured (the magnetization remains vertical). 
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specimen with a thermocouple. These 

measurements showed that the specimen did 

not undergo significant warming during the time 

involved in a single measurement step. The 

KLY-3S Kappabridge cannot be used for these 

measurements because it is equipped with 

automatic compensation of the thermal drift 

unbalance of the bridge as well as automatic 

switching to the appropriate measuring range, 

and these automatic operations fail due to the 

large temperature difference when the 77 K 

specimen is lowered into the sample chamber. 

Therefore, the LT-AMS measurements are 

performed with an AGICO KLY-2 Kappabridge 

susceptibility meter at the Laboratory of Natural 

Magnetism (LNM) of the ETH Zürich, for which 

the thermal drift can be compensated manually 

and also the appropriate measuring range has 

to be selected manually. The measurements 

specifications (i.e. applied field, frequency, 

sensitivity, output format of the tensor data files) 

are the same as that of the KLY-3S 

Kappabridge. 

3.2.3 High-field anisotropy of magnetic 

susceptibility 

In this work, two independent approaches are 

used to analyze the paramagnetic component 

of the anisotropy of high-field magnetic 

susceptibility (HF-AMS). The basic principle of 

both approaches is the same: magnetic fields 

high enough to saturate the ferrimagnetic 

contribution are applied in order to allow the 

mathematical separation of the paramagnetic 

(plus diamagnetic and antiferromagnetic) 

component of the magnetic anisotropy from that 

of the ferrimagnetic component. 

The VSM approach 

The first method uses directional magnetic 

hysteresis measurement to determine the HF-

AMS [cf. Kelso et al., 2002; Ferré et al., 2004]. 

These magnetic hysteresis loops are 

determined using a vibrating sample 

magnetometer (VSM, model 3900 ―MicroMag‖, 

Princeton Measurements) at the Institute of 

Rock Magnetism (IRM) of the University of 

Minnesota. An electromagnet applies a 

magnetic field, which is increased with 

increments of 10 mT up to a maximum field of 

1000 mT. Vibrating the magnetized sample in 

the vertical direction at a fixed frequency of 

83 Hz in the presence of that magnetic field 

induces a current in the pickup coils, that is 

related to the magnetization of the sample (Fig. 

3.3(a)). The paramagnetic component of the 

magnetic susceptibility (κ
hf
) is then calculated 

from the high-field slope of the hysteresis loop, 

i.e. either > 600, 700 or 800 mT. If the 

ferromagnetic (s.l.) phases present fully saturate 

in the applied field range, κ
hf
 and the saturation 

magnetization (Ms) can be obtained from a 

linear fit (Fig. 3.3(c)): 

            
     [3.1] 

 

 

Fig. 3.3: (a) Vibrating sample magnetometer, sample holder and pickup coils to detect the induced magnetization. 

(b) Hysteresis loops are measured in 24 different directions, i.e. 45° rotation increments about the specimen‘s a, b 

and c-axis respectively. (c) The paramagnetic component of the high-field susceptibility (κ
hf

) is defined for each 

direction as the linear fit of the high-field part of the hysteresis loop (i.e. > 600, 700 or 800 mT depending on the 

correlation coefficient). 
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If the ferromagnetic (s.l.) magnetization does not 

completely saturate in the applied field range, 

there might be nonlinearity in the high-field 

region. Jackson and Solhead [2010] showed 

that in this case, it is better to obtain the 

parameters by an approach-to-saturation fitting: 

           
             [3.2] 

Subtracting the (linear) best-fit from the 

measured hysteresis loop provides the slope 

corrected (sc.) hysteresis loop, which solely 

arises from the ferromagnetic (s.l.) contribution. 

This sc. loop visualizes the saturation or 

nonsaturation behavior of the ferromagnetic 

(s.l.) contribution and allows us to determine its 

saturation remanent magnetization Mrs and 

coercivity (Hc) (Fig. 3.3(c)). 

Multiple measurement directions are achieved 

by rotation increments of 45° about the three 

orthogonal axes of the specimen (i.e. rotation 

set 1, 2 and 3), resulting in a total of 24 

independent measurement positions (Fig. 

3.3(b)). These directional κ
hf
 measurements can 

be used to calculate the HF-AMS
VSM

 tensor 

using the same procedure as for the low-field 

AMS tensors. The VSM is, however, not built for 

directional measurements. The configuration of 

the pickup coils has a strongly non-uniform 

spatial response function, making sample size 

and shape effects potentially significant. So, 

these effects can interfere with obtaining reliable 

estimates of the HF-AMS from measurements 

on a VSM (see Kelso et al. [2002]; Jackson and 

Solhead [2010]; Bilardello and Jackson [2014] 

for extended discussion). To compensate for 

these effects, we can adjust the κ
hf
 

measurements for common positions between 

different rotation sets and normalize the 

anisotropic κ
hf
 by the saturation magnetization 

Ms, which is isotropic (assuming the full 

saturation is reached). Hence, Ms acts as an 

internal calibration standard whose directional 

variations are solely due to the instrument‘s 

spatial sensitivity and the varying sample 

geometry. In order for the κ
hf
 normalization to 

improve the HF-AMS accuracy, which is defined 

by the 95 % confidence angles for the 

eigenvectors (E12, E23 and E31, respectively), the 

magnitude of Ms should be comparable to the 

paramagnetic contribution to the high-field 

magnetization. If only a small amount of the 

induced magnetization in the high-field range is 

ferromagnetic (s.l.), normalizing by Ms will often 

fail to improve the accuracy of the HF-AMS 

tensor, or even make it worse [Bilardello and 

Jackson, 2014]. 

The torque approach 

The second method comprises torque 

magnetometry, in which the torque exerted on 

a specimen is measured in several (high) 

magnetic fields, in order to determine the 

HF-AMS. This approach distinguished itself from 

the hysteresis and kappabridge approaches as it 

does not involve a measurement of the 

magnetic susceptibility in a number of different 

directions but instead involves the recording of 

the torque experienced by a specimen in the 

presence of a magnetic field (Fig. 3.4(a)). This 

torque, which is a force exerted by the magnetic 

field, tries to align the easy axis direction of the 

specimen with the applied field direction. The 

peak torque will be observed if the easy axis is 

at an angle of 45° to the applied field. If the easy 

axis is exactly parallel, antiparallel or 

perpendicular to the applied field no torque will 

be exerted. The torque is measured with an 

automated torque magnetometer at the 

Laboratory of Natural Magnetism (LNM) of the 

ETH, Zürich [Bergmuller et al., 1994]. Torque 

measurements are performed in 36 directions, 

achieved by rotating the specimen with 

increments of 30° about its three orthogonal 

axes (Fig. 3.4(b)). In each position, the torque is 

measured for six magnetic fields ranging from 1 

to 1.5 T. The sample holder adds a small 

contribution to the measured torque signal. This 

is corrected for by measuring the empty holder 

and subtracting its signal from the data. Finally, 

the paramagnetic component of the anisotropy 

is determined with a mathematical approach. 

This approach derives the paramagnetic 

anisotropy from the increase of the amplitude of 

the torque functions with increasing field. The 

torque functions are obtained by plotting the 

torque vs. the measurement angle for the three 

rotation sets (Fig. 3.4(c), [Martín-Hernández and 

Hirt, 2001, 2004]). As the torque approach 

measures only the deviatoric part of the 

susceptibility tensor, i.e. the difference of every 

direction with an isotropic sphere, an 

independent measurement of the bulk, 

paramagnetic susceptibility is required in order 

to calculate the full HF-AMS
torque

 tensor. The  
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Fig. 3.4: (a) Torque magnetometer with torque head to measure the torque experienced by the sample in the 

applied field. (b) The torque is measured in 36 different directions, i.e. 30° rotation increments about the 

specimen‘s b, a and c-axis, respectively, and each time for six different fields ranging from 1000 mT to 1500 mT. 

(c) The plots on the left represent the torque as a function of angle for the three different rotation positions. These 

periodical functions are fitted with trigonometric series and the amplitudes of the obtained 2θ-terms are linearly 

related to the square of the applied field, i.e. the plot on the right. The slope and intercept of these lines can be 

used to evaluate the paramagnetic and ferrimagnetic coefficients, respectively, for each of the tree rotation 

positions. 

bulk paramagnetic susceptibility can either be 

obtained from the directional hysteresis 

measurements (VSM approach) or it can be 

calculated from the Fe and Mn cation content of 

the specimen (see section 3.5 ). In this work 

both approaches will be used and their results 

will be discussed in chapter 6. 

3.3  Remanence experiments 

Both HF-AMS approaches use multiple high 

fields and determine κ
hf
 (VSM-approach) and 

the paramagnetic anisotropy (torque approach) 

from the increase of these properties with 

increasing magnetic field. Hence, both 

approaches require that the ferromagnetic (s.l.) 

phases are fully saturated in the applied field 

range. The used peak fields (i.e. 1 T and 1.5 T, 

respectively) are strong enough to saturate most 

ferrimagnetic minerals (e.g. magnetite, 

monoclinic pyrrhotite, maghemite, greigite) and 

relatively soft antiferromagnetic minerals (e.g. 

hexagonal pyrrhotite). However, hard, mostly 

antiferromagnetic minerals (e.g. goethite, 

hematite) do not saturate in this field range. 

Thus, if these are present, they will contribute to 

an increase of magnetization and/or magnetic 

anisotropy with increasing magnetic field. If this 

is the case, it becomes problematic to quantify 

the paramagnetic contribution to the 

susceptibility (see Fabian [2006]; Jackson and 

Sølheid [2010]). Therefore, the HF-AMS 

approaches are accompanied by remanence 

experiments to identify the ferromagnetic (s.l.) 

phases present and to determine whether our 

approaches can be used to isolate the 

paramagnetic contribution to the rock‘s magnetic 

susceptibility and its anisotropy. 

3.3.1 Alternating field demagnetization of 

isothermal remanent magnetization 

In the alternating field demagnetization (AF) 

experiment, an isothermal remanent 

magnetization (IRM) of 1 T, induced with a 

pulse magnetizer, is acquired and subsequently 

stepwise demagnetized in 26 steps from 0.5 to 

170 mT. The demagnetization uses a gradually 

decreasing alternating field in order to 

randomize the magnetic moments in all grains 

with a coercivity smaller than the peak applied 

field of the demagnetization step. The remanent 

magnetization after each step is measured with 

a 2G superconducting rock magnetometer at the 

Institute of Rock Magnetism of the University of 

Minnesota. The shape of the demagnetization 

curve reflects the coercivity spectra of the  
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Fig. 3.5: Measurement scheme of the low temperature saturation isothermal remanent magnetization (SIRM) 

experiments. The graph on the top shows the applied field strength (H) and the bottom graph the temperature (T) 

during the time of the experiment. See text for description of the different measurement series. 

ferromagnetic (s.l.) grains present. Together 

with the intensity of the IRM, these give 

information on the amount and type of 

ferromagnetic (s.l.) phases present. The field 

required to reduce the initial remanence by one 

half is called the median destructive field (MDF). 

Besides the IRM, we also induced an 

anhysteretic remanent magnetization (ARM) 

of 200 mT, using a Schonstedt AF demagnetizer 

and a biasing DC field of 0.1 mT. The ARM is 

demagnetized using the same procedure 

outlined above for the IRM. During the ARM 

acquisition dissimilar remanence coercivity 

fractions are activated compared to the IRM 

acquisition. Therefore, comparing both 

demagnetization curves can have some 

diagnostic potential [Lowrie and Fuller, 1971]. 

3.3.2 Low-temperature saturation 

isothermal remanence behavior 

The saturation remanence behavior is 

investigated in the low temperature range, i.e. 

10 – 300 K, using a superconducting quantum 

interference device (SQUID) magnetometer 

(Quantum Design MPMS2) at the Institute of 

Rock Magnetism of the University of Minnesota. 

Due to the sample size limitations for the 

MPMS2, all measurements are performed on 

0.25 cm
3
 of powdered specimen placed in a gel 

cap. A first measurement series consists of 

measuring the thermal demagnetization of a 

remanent magnetization imparted at low 

temperature, both after cooling in the presence 

of a 2.5 T field (field-cooling, FC) and after 

cooling in a zero field (zero-field-cooling, ZFC). 

Both the FC and ZFC saturation isothermal 

remanent magnetization (SIRM) are induced 

by keeping the powdered sample in a 2.5 T 

magnetic field for 60 s, after which the 

superconducting magnet is quenched (reset) to 

reduce the residual field to < 1 µT. The thermal 

demagnetization of FC and ZFC SIRM is 

measured between 10 and 300 K with 5 K 

intervals (Fig. 3.5) and both FC and ZFC curves 

will generally display a decrease in 

magnetization with increasing temperature. The 

shape of the FC and ZFC SIRM curves, the ratio 

between FC and ZFC SIRM at 10 K (RLT) and 

the temperature at which the FC and ZFC 

curves merge give information on the nature of 

the ferromagnetic (s.l.) phases present. The 

typical FC-ZFC SIRM behavior of the common 

ferromagnetic (s.l.) minerals is described in 

detail in Box 1.  

A second measurement series consists of 

inducing a 2.5T field at 300 K, quenching the 

magnet and subsequently cooling the powdered 

specimen down to 10 K (cooling curve) and 

back up to 300 K (heating curve) while the room 

temperature SIRM (RT SIRM) is measured with 

5 K intervals (Fig. 3.5). The low-temperature 

behavior of the SIRM imparted at 300 K is often 

governed by specific phase transitions of certain 

minerals in the cryogenic temperature range, 

e.g. the Verwey transition for magnetite, the 

Morin transition for hematite and the Besnus 

transition for monoclinic pyrrhotite. The RT 

SIRM behavior during the low-temperature cycle 

for the common natural ferromagnetic (s.l.) 

phases is described in detail in Box 1. 

An additional measurement series is performed 

during the field-cooling process (Fig. 3.5). This 
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Box 1: Hallmarks of ferromagnetic (s.l.) 

minerals in magnetic remanence 

experiments 

Magnetite (Fe3O4) 

Magnetite is a ferrimagnetic mineral that occurs 

in a great variety of sedimentary, igneous and 

metamorphic rocks. It has two magnetic 

transitions in the low temperature range. Upon 

cooling through the isotropic point at Ti ~ 130 K, 

the magnetocrystalline anisotropy constant (K1) 

changes sign (from negative to positive), 

causing domain walls to unpin. At the Verwey 

transition [Verwey, 1939], a structural phase 

transition at Tv ~ 120 K, the crystal structure 

changes from cubic (T > Tv) to monoclinic 

(T < Tv), resulting in a dramatic increase in 

magnetocrystalline anisotropy and a 

reorganization of the domain structure [e.g. 

Halgedahl and Jarrard, 1995; Smirnov, 2009]. 

A saturation isothermal remanent magnetization 

(SIRM) imparted on magnetite at low 

temperature sharply decreases upon heating 

through TV. The SIRM behavior below TV is 

controlled by the strength of the applied field 

during cooling through the transition and by the 

magnetic domain state. For SD magnetite, the 

field-cooled (FC) SIRM is higher with respect to 

the zero-field-cooled (ZFC) SIRM (Fig. B1.1a). 

In contrast, for MD magnetite grains, the FC 

SIRM has been found to be significantly lower 

than the ZFC SIRM (Fig. B1.1b) [Bowles et al., 

2012]. This discrepancy is because different 

mechanisms govern the SIRM acquisition in SD 

and MD magnetite below TV (see Carter-Stiglitz 

et al. [2002], Kosterov [2003] and Smirnov 

[2009] for an extensive discussion on these 

different mechanisms). 

Cooling a SIRM imparted at room temperature 

leads to a continuous reorganization of domain 

geometry in response to the progressively 

changing anisotropy, and results in a significant 

loss of magnetic remanence when cooling 

through TV (Fig. B1.1g) [Özdemir and Dunlop, 

1999; Dunlop, 2003]. The behavior is strongly 

sensitive to factors such as grain size, crystal 

orientation, stoichiometry and the nature of the 

initial remanence. Upon warming, partial 

recovery of the remanence is possible. This 

‗magnetic memory‘ is large in SD magnetite, 

whereas truly MD magnetite remains almost 

completely demagnetized [Halgedahl and 

Jarrard, 1995], suggesting that the amount of 

remanence that is recovered can provide an 

estimate of the magnetite grain size. 

Maghemite (Fe2O3, γ-Fe2O3) 

Maghemite is a fully oxidized form of magnetite 

that also shows a ferrimagnetic behavior, but 

has no low-temperature magnetic transitions 

[Özdemir and Dunlop, 2010]. A SIRM imparted 

at low temperature decreases almost linearly 

with warming to 300 K. The RT SIRM cycling 

curve is perfectly reversible on cooling and 

warming, i.e. it increases somewhat with cooling 

to 10 K and decreases again with warming to 

300 K (Fig. B1.1h). 

Greigite (Fe3S4) 

Greigite is a ferrimagnetic iron sulphide mineral 

that commonly occurs in lacustrine sediments or 

associated with hydrothermal activity. It also has 

no low-temperature magnetic transitions 

[Dekkers et al., 2000], and when it is thermally 

stable (i.e. grain size is larger than 

superparamagnetic-stable single domain 

threshold at room temperature) the remanent 

magnetization, either imparted at low or room 

temperature, is almost independent of 

temperature for T < 300 K (Fig. B1.1i). 

Goethite (α-FeOOH) 

Goethite is a (spin-canted) antiferromagnetic 

mineral, which is very common in soils, 

lacustrine sediments, loess and weathered 

rocks. It shows no low-temperature magnetic 

transitions but its cryogenic properties are very 

characteristic because it has a very high 

coercivity and therefore, does not become 

saturated by the magnetic fields applied in our 

experiments. 

Goethite typically shows a very large difference 

between the FC and ZFC SIRM at very low 

temperatures [Liu et al., 2006]. The ratio of FC 

SIRM to ZFC SIRM (RLT) is commonly five or 

more at 10 K. This is because the FC process 

magnetizes these particles much more 

effectively with respect to the ZFC process. This 

higher efficiency is due to an additional partial 

thermal remanent magnetization (pTRM), which 

is acquired during the FC process because the  
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Box 1 (continues): 

initial remanence at 300 K is not sufficient to 

saturate goethite. In addition, the pTRM is 

progressively demagnetized when warming the 

sample, so that at 300 K the FC and ZFC SIRM 

are equal again (Fig. B1.1c). Cooling a SIRM 

imparted at room temperature results in a large 

increase in the observed magnetization 

(Fig. B1.1j). This increase is completely 

reversible upon warming the goethite-bearing 

sample back to 300 K, indicating that it is not 

caused by a wide distribution of blocking 

temperatures. Instead, Dekkers and Rochette 

[1992] proposed that the increase is due to a 

rise of Ms with decreasing temperature. The 

amount of increase depends on grain size, i.e. 

there is a large increase for smaller grains, and 

composition, i.e. there is a larger increase for Al-

rich goethite [Maher et al., 2004; Liu et al., 

2006]. 

Hematite (α-Fe203) 

Hematite is another relatively common (spin-

canted) antiferromagnetic mineral. Just as 

goethite, it frequently occurs in weathered rocks 

and (tropical) soils. It exhibits a phase transition, 

known as the Morin transition at TM ~ 262 K, 

although the exact temperature for this transition 

depends on a number of variables such as grain 

size, cation substitution, lattice defects, pressure 

and applied field [Morin, 1950; Özdemir and 

Dunlop, 2006]. Note that for very fine-grained 

hematite, i.e. grain size < 20 nm, the Morin 

transition will be completely suppressed 

[Özdemir et al., 2008]. For T > TM, the two 

antiparallel sublattices of hematite, having an 

equal net magnetic moment, have their spin not 

exactly antiparallel. This spin-canted 

antiferromagnetism results in a net magnetic 

moment in the basal plane perpendicular to the 

crystallographic c-axis. Upon cooling through 

TM, the magnetocrystalline anisotropy changes 

sign, the easy axis of magnetization shifts and 

the spins rotate from the basal plane into 

alignment with the c-axis. In T < TM state, the 

sublattice spins are now perfectly antiparallel 

and hence, the spin canted moment disappears. 

This leaves only the much weaker defect 

moment, which is related to defects in the 

crystal structure. 

Upon warming the FC and ZFC SIRM, they 

remain essentially constant up to above 200 K, 

and subsequently warming through TM results in 

a strong increase in magnetization, i.e. the 

remanence can easily increase with a factor 10 

(Fig. B1.1d) [Özdemir and Dunlop, 2006]. This is 

because the defect moment below TM is much 

weaker than the spin-canted moment that 

appears above TM. Both FC and ZFC curves will 

be very similar. Cooling a SIRM imparted at 

300 K down to 10 K results in a similar 

temperature dependency of the observed 

magnetization. Upon cooling through TM, the 

magnetization strongly decreases and then 

remains fairly stable until 10 K. Upon warming 

again to 300 K, the magnetization is only 

partially recovered when going through TM 

(Fig. B1.1k). The remanence memory arises 

from small zones of canted-spins (pinned via 

crystal defects) that do not fully rotate into 

alignment with the c-axis at T < TM. These zones 

serve as nuclei for the re-establishment of the 

magnetic remanence upon warming. So, the 

amount of recovery depends on the magnitude 

of the defect moment at T < TM, and not on the 

grain size as is the case for magnetite [Özdemir 

and Dunlop, 2006]. 

Pyrrhotite (Fe(1-X)S) 

Pyrrhotite is an iron sulphide that commonly 

occurs as accessory mineral in metamorphic 

and pegmatitic rocks and as a major constituent 

in sulphide ore deposits. It comes in both a 

hexagonal structure showing antiferromagnetic 

ordering, e.g. troilite (FeS), and a monoclinic 

structure showing ferrimagnetic ordering, e.g. 

4C pyrrhotite (Fe7S8) [Pearce et al., 2006]. This 

description of the cryogenic magnetic 

remanence behavior focuses on the latter, as it 

is the predominant mono-sulphide in geological 

systems [Kind et al., 2013]. Monoclinic pyrrhotite 

reveals an intrinsic low-temperature transition at 

32 K, known as the Besnus transition [Besnus, 

1966; Fillion and Rochette, 1988]. Wolfers et al. 

[2011] propose that the transition corresponds to 

the transformation of a monoclinic structure into 

a low-temperature triclinic structure, most 

probably due to temperature dependence of the 

Jahn-Teller effect, i.e. a crystallographic effect 

that slightly distorts the shape of Fe octahedra. 

The FC and ZFC SIRM warming curves are 

similar and show a large remanence decay of 
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Box 1 (continues): 

about 90 % between 25 and 40 K [Kind et al., 

2013]. Upon further warming, the observed 

magnetization still decreases linearly up to 

about 150 K and then remains stable up to 

300 K (Fig. B1.1e). The cooling curve of a SIRM 

 

imparted at 300 K shows a maximum at 150 K 

and a pronounced drop between 40 and 25 K. 

Upon warming back through the Besnus 

transition, the remanent magnetization is 

partially recovered and then remains fairly stable  

 

Fig. B1.1: (a-e) Conceptual low temperature, field-cooled (FC) and zero-field-cooled (ZFC) saturation 

isothermal remanent magnetization (SIRM) behavior of the common ferromagnetic (s.l.) minerals and 

(f) of a particle going to a superparamagnetic state at low temperature. (g-k) Conceptual room 

temperature SIRM (RT SIRM) behavior during low temperature cycling of the common ferromagnetic 

(s.l.) minerals. 
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Box 1 (continues): 

up to 300 K (Fig. B1.1l). The amount of recovery 

is related to the pyrrhotite grain size [Fillion and 

Rochette, 1988]. 

SD particles with superparamagnetic 

behavior at room temperature 

Natural ferromagnetic (s.l.) particles that are, or 

remained, in an early stage of formation often do 

not exceed a few nanometers in size [Penn and 

Banfield, 1999; Banfield et al., 2000]. At 300 K, 

these SD particles will behave like paramagnetic 

substances, albeit with a strong magnetic 

susceptibility, i.e. they are in the 

superparamagnetic (SP) state and have no 

magnetic remanence and coercivity (see section 

2.2.2). Therefore, imparting a SIRM at room 

temperature is not typically useful for studying 

these particles. However, many of these 

particles will be in a stable single domain (SSD) 

state at 10 K, i.e. they are blocked and they do 

have a magnetic remanence. 

Upon warming the FC and ZFC SIRM, both 

curves will display a decrease in observed 

magnetization. This reflects the thermal 

unblocking of remanent magnetization of the 

particles that pass through their blocking 

temperature (TB) and return to the SP state 

[Bowles et al., 2009]. The temperature at which 

the observed magnetization falls to zero reflects 

the maximum TB. This maximum TB is a proxy 

for the particles‘ maximum grain-size. If the 

sample contains a relatively large narrow grain-

size distribution of SP particles, the low-

temperature remanence will unblock over a 

narrow temperature interval. On the other hand, 

if a sample has a more distributed grain-size 

distribution, the unblocking will be more gradual 

(Fig. B1.1f) [Worm and Jackson, 1999]. Some 

decrease of observed magnetization with 

increasing temperature can also be related to a 

variation of the saturation magnetization 

[Rochette and Fillion, 1989]. When these 

particles are in stable single domain state (i.e. 

blocked), relatively high fields are required to flip 

the internal magnetization and hence, they are 

relatively hard. Therefore, a 2.5 T field may not 

be sufficient to saturate the magnetization at 

10 K and a SIRM imparted by the FC process 

will be larger than those imparted by the ZFC 

process (Fig. B1.1f). 

 

recording of the in-field magnetization (2.5 T) 

at 5 K intervals from 300 to 10 K allows to 

investigate the temperature dependency of the 

powdered specimen‘s magnetization and 

susceptibility. If the magnetization is strongly 

dominated by paramagnetic carriers, the 

magnetization should follow the Curie-Weiss law 

[eq. 2.15] and a plot of the reciprocal 

susceptibilities vs. temperature should show a 

linear relationship. 

3.4  X-ray diffraction 

3.4.1 Quantitative bulk analysis 

The mineralogy of a selected number of 

specimens is determined from a bulk analysis 

using powder X-ray diffraction at the KU 

Leuven. The preparation technique described 

here is based on the work of Środoń et al. 

[2001] and Zeelmaekers [2011]. The bulk 

analysis preparation procedure starts with 

crushing a cubic specimen using a hammer and 

subsequently, mortar and pillar. The powdered 

specimen is sieved at 500 µm and thoroughly 

mixed. 2.7 g of the powdered specimen, 

together with 0.3 g (or 10 wt%) of an internal 

ZnO standard, is then further ground to a 

sufficiently fine particle-size (< 20 µm) while 

maintaining a narrow particle-size distribution. 

This is achieved by wet grinding in a McCrone 

Micronizing Mill for 5 minutes. Corundum rollers 

are used as grinding elements and 4 ml of 

methanol is used as grinding liquid. The material 

is recuperated by flushing with extra methanol 

and dried for 2 days. The dried material is then 

disaggregated by hand using a small agate 

mortar. Subsequently, liquid Vertrel XF is added, 

followed by thorough homogenization and 

shaking for 10 minutes in order to prevent 

preferred orientation of the crystals. 

Finally, the air dried powder with internal 

standard is sieved at 250 µm and side loaded 

into an aluminium holder to be measured with a  

Philips PW1830 type diffractometer. Mineral 

powders are scanned with CuKα-radiation from 
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5 to 75° 2θ with a step size of 0.02° and 2 s 

counting time per step. Quantification is 

performed by the Rietveld based BGMN 

software [Bergmann et al., 1998], which resulted 

in accurate quantitative results in wt%. 

3.4.2 Qualitative analysis of the < 2 µm 

fraction 

The bulk analysis can generally quantify the 

non-clay minerals separately, except for some 

highly variable minerals such as feldspars. This 

is, however, not the case for the different clay 

minerals that can generally only be quantified in 

groups, e.g. kaolins, dioctahedral Al-rich 2:1 

clays, dioctahedral Fe-rich 2:1 clays, chlorite. To 

discriminate at the species level, it can be 

helpful to perform a detailed clay analysis on 

oriented slides of the extracted < 2 µm 

fraction. In fine-grained (meta)sedimentary 

rocks, we are especially interested in separating 

the dioctahedral Al-rich 2:1 clays (illite, smectite, 

mixed-layer-illite-smectite, muscovite, 

paragonite). 

The < 2 µm fraction is extracted by 

centrifugation using a preparation technique 

developed by Jackson [1975] and modified by 

Zeelmaekers [2011]. We used the residue of the 

selected samples after preparing the cubic 

specimens and crushed these rock parts using a 

hammer and subsequently, mortar and pillar. 

The powder is then sieved at 212 µm and 

placed overnight on a magnetic stir plate in 1 l of 

H2O. The suspension is treated ultrasonically for 

2 min 30 s to disintegrate aggregates and wet 

sieved at 38 µm. The < 38 µm fraction is then 

again placed on a magnetic stir plate for one 

hour and ultrasonically treated for 2 min 30 s. 

This suspension is washed 5 times 

(centrifugation at 2500 RPM for 10 min) or until 

the washing H2O is clear. Finally, the < 2 µm 

fraction is separated by centrifuging at 

1000 RPM for 3 min, after which the suspension 

is sucked out of the centrifuging beaker using a 

plastic tube. The suspension with < 2 µm 

fraction is then dried for 2 days and 

disintegrated by hand using an agate mortar. 

The oriented slides of the < 2 µm fraction are 

prepared using a filter-membrane technique 

[Drever, 1973; Muchez, 1984]. 200 mg of the dry 

< 2 µm fraction is suspended in 20 ml H2O and 

poured in a recipient with on the bottom a 

cellulose membrane filter (Gelman GA-6, 47 mm 

diameter, 0.45 µm pore-size). The filter 

assembly is then connected to a vacuum. The 

clay will almost instantaneously deposit on the 

membrane. The filter assembly is disconnected 

and the membrane, while still moist, is placed 

clay side down on a glass slide. A glass rod is 

rolled gently over the membrane in order to 

squeeze out the remaining H2O. Subsequently, 

the membrane is carefully peeled off, leaving the 

clay film on the glass. Finally, the glass mounts 

are placed overnight in a dessicator, which has 

the bottom compartment filled with ethylene 

glycol, and that is put in an oven at 60°C. The 

glycolated mounts are scanned with the same 

diffractometer used for the bulk analysis from 7 

to 12° 2θ, with a step size of 0.01° 2θ and 2 s 

counting time per step. The 7 to 12° 2θ range 

was chosen because it contains the 001 basal 

spacing of the clay minerals. 

The peak, which we are most interested in is the 

10 Å white mica peak. For most fine-grained 

sedimentary rocks, this peak is a combination of 

overlapping bands of different phases: 

illite/smectite (I/S) mixed-layers, poorly 

crystallized illite (PCI), well-crystallized illite 

(WCI), muscovite, etc. The overall narrowness 

of the 10 Å peak reflects the presence and 

relative intensity of these different phases and 

hence, gives an insight into the final degree of 

diagenesis / low-grade metamorphism of the 

rock. This illite index is known as the illite 

crystallinity (IC) and is defined as the width at 

half height above background of the first white 

mica basal reflection, and can be expressed in 

°Δ 2θ CuKα. The IC is measured from the  

 

Fig. 3.6: Comparison of the illite crystallinity (IC) 

values of standards measured at the laboratory of H. 

Kisch [Krumm et al., 1994] and at the KU Leuven. 
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obtained, glycolated X-ray diffractograms using 

the technique of Kübler [1967, 1968]. The IC 

results are calibrated using five standards 

distributed by the laboratory of H. Kisch [Krumm 

et al., 1994]. The (logarithmic) calibration curve 

is given in Fig. 3.6. The lower boundary value 

for the anchizone is 0.41°Δ 2θ and the boundary 

between anchizone and epizone is defined at 

0.25Δ 2θ [Merriman and Peacor, 1999]. 

3.5  Chemical analysis 

The paramagnetic susceptibility of natural rocks 

is in general completely associated with the spin 

of the unpaired electrons of the transition 

elements Fe
2+

, Fe
3+

 and Mn
2+

 (see section 2.2.1 

and 2.2.2). Therefore, a chemical analysis of 

the Fe and Mn cation content is performed in 

order to approximate the paramagnetic 

susceptibility [eq. 2.13]. The followed procedure 

is a single dissolution technique devised by 

Shapiro [1960] and Fritz and Popp [1985]. First, 

the concentration of Fe
2+

 is measured with 

colorimetric spectrophotometry. 

Subsequently, the solution is analyzed by 

atomic absorption spectrometry (AAS) for Mn 

(as MnO) and total Fe (as Fe2O3
tot

). For 15 

specimens, a second analysis is performed in 

order to check the accuracy of the approach. 

The procedure starts by crushing the selected 

specimen using a hammer and subsequently, 

mortar and pillar. The powders are further 

ground using a ball mill with tungsten carbide 

balls. Subsequently, 10 mg of the powdered 

specimen is weighted off and dissolved using a 

mixture of HF (500 µl of a 48% solution) and 

H2SO4 (3 ml of a 10% solution) in the presence 

of o-phenantroline (20 mg). The o-phenantroline 

prevents the oxidation of Fe
2+

 to Fe
3+

 and forms 

an orange-coloured complex with Fe
2+

. The 

solution is then placed in a bath with boiling 

water for 30 min, after which Na citrate (20 ml of 

a 10% solution) and H3BO3 (5 ml of a 5% 

solution) are added. 

The absorbance at 555 nm of the dissolved 

specimens, together with a pure quartz solution 

(no Fe
2+

) and 5 standard reference materials 

(SRM), is measured with a UV-VIS 

spectrophotometer at the KU Leuven. The 

calibration curve obtained from the blank and 

SRM measurements is then used to determine 

the Fe
2+

 concentration of the investigated 

specimens (Fig. 3.7(a)). Subsequently, the 

dissolved specimens together with the quartz 

solution and the SRMs, are analyzed by AAS for 

Fe (248 nm) and Mn (279 nm). The MnO and 

Fe2O3
tot

 content are calculated using linear 

regression (Fig. 3.7(b-c)). As the Fe
2+

 content is 

already known, both the divalent FeO and 

trivalent Fe2O3 content can be calculated from 

Fe2O3
tot

. 

3.6  Texture analysis using hard X-

ray synchrotron diffraction 

An independent texture analysis using hard X-

ray synchrotron diffraction is performed for one 

specimen of the Monts d‘Arrée Slate Belt, i.e. 

BR09TH131C3. The hard X-ray synchrotron 

diffraction measurements were done at the high-

energy beamline BESSRC 11-ID-C of APS 

(Advanced Photon Source) of Argonne National 

Laboratory in Chicago, IL. (USA). A 

monochromatic X-ray beam with a wavelength 

of 0.10798 Å and a beam diameter of 1 mm was 

used. Diffraction images, i.e. Debye rings, were 

recorded with a Perkin Elmer amorphous silicon  

 

Fig. 3.7: Calibration curves determined from a blank analysis and five standard reference materials for (a) UV-VIS 

spectrophotometry of FeO, (b) atomic absorbance spectrometry (AAS) of Fe
tot.

 and (c) AAS of Mn. 
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detector (2048 x 2048 pixels) at a distance of 

about 150 cm from the sample. The sample is a 

1 mm thick slab cut from the cubic specimen in 

a direction perpendicular to the cleavage 

foliation and parallel to its dip direction, i.e. the 

sample‘s ac plane (see section 3.1 for sample 

conventions). The slab is mounted on a 

goniometer with the a and c axis perpendicular 

to the incident beam, which parallels the b-axis 

(at 0° tilt). The slab was rotated in 15° 

increments around the normal to the cleavage 

(c-axis), from -45° to +45° (Fig. 3.8). At each 

rotation position a diffraction image was 

recorded while the sample was translated 2 mm 

parallel to the rotation axis (~c-axis) to obtain a 

representative volume average. The rotations 

are necessary to obtain adequate pole figure 

coverage for determining preferred orientation. 

For estimation of mineralogical composition and 

preferred orientations we relied on the Rietveld 

refinement of synchrotron X-ray diffraction 

images, implemented in the software MAUD 

[Lutterotti et al., 1997; Lutterotti et al., 2014]. 

The Rietveld method [Rietveld, 1969] obtains a 

best fit between measured diffraction patterns 

and a model based on a number of refined 

parameters, such as phase volume fractions, 

unit cell parameters, preferred orientations, etc. 

Seven diffraction images, measured at different 

sample tilts (-45°, -30°, -15°, 0°, 15°, 30°, 45°), 

were used and integrated over 10° sectors to 

obtain diffraction patterns. For the Rietveld 

analysis a scattering angle 2θ range from 0.3 to 

3.5 was applied. Powder X-ray diffraction 

analyses of similar samples performed 

previously, taught us that we had to consider 

four mineral phases. Their corresponding 

crystallopgraphic information was obtained from 

the literature: monoclinic muscovite 

[Guggenheim et al., 1987; amcsd #0001076], 

monoclinic [Koch-Müller et al., 2000; amcsd 

#0006829] and triclinic chloritoid [Hanscom, 

1980; amcsd #0000786], monoclinic chlorite 

[Zanazzi et al., 2007; amcsd #0004284] and 

trigonal quartz [Antao et al., 2008; amcsd 

#0006212]. Preferred orientation was refined 

with the E-WIMV algorithm and an orientation 

distribution cell size of 10. Orientation 

distributions were exported from MAUD and 

further processed in BEARTEX [Wenk et al., 

1998] to calculate and plot pole figures. For the 

Rietveld texture analysis of the monoclinic 

phyllosilicates the first setting (c-axis rotation 

axis) has to be used [Matthies and Wenk, 2009], 

but for all labels of Miller indices in pole figures, 

we use the more common second setting (b-axis 

rotation axis and 001 as cleavage plane). For a 

more detailed description of the methodology we 

refer to Wenk et al. [2014]. 

 

Fig. 3.8: Geometry of a synchrotron x-ray diffraction 

experiment in transmission. For a given reciprocal 

lattice vector hkl the accessible crystallite orientations 

lie on a cone, which intersects the orientation sphere 

of the sample in a small circle. Diffracted x-rays lie on 

a cone with opening angle 4θ (shaded) that intersects 

a planar detector along a circle, defining a Debye 

ring. The diffraction spot of a single pole is indicated. 

2θ is the Bragg angle of lattice vector hkl and Δ is the 

tilt of the goniometer [modified from Wenk and Van 

Houtte, 2004]. 
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For practical reasons, the study area is 

subdivided into four research areas that 

internally all have a rather homogeneous 

deformation style (see Fig. 1.3(c)). Two 

research areas are situated on the Crozon 

peninsula, i.e. the Crozon south (CS) and the 

Crozon north (CN) research areas. In both areas 

extremely well-preserved coastal sections 

expose the Palaeozoic sequences, reflecting a 

fold-and-thrust belt geometry (see section 1.3). 

The other two research areas are situated inland 

and are known as the Monts d‘Arrée slate belt 

(MASB), i.e. the northernmost research area, 

and the Montagnes Noires slate belt (MNSB), 

i.e. the southernmost research area. These four 

distinct areas, and their different outcrop zones, 

are presented in the first part of this chapter. For 

the Crozon research areas, this includes new 

field-based observations. For the inland slate 

belt research areas, the architecture is already 

described in detail in the literature [cf. Darboux 

and Le Gall, 1988; Darboux, 1991; van 

Noorden, 2007; van Noorden et al., 2007; 

Sintubin et al., 2008]. In the second part of the 

chapter, the regional lithostratigraphical 

reference unit selected for sampling (see section 

1.2) is introduced and discussed, based on both 

literature and new proper field, microscopical 

and mineralogical observations. 

4.1  The different research areas of 

the Central Armorican Domain 

4.1.1 Crozon fold-and-thrust belt: southern 

part 

The Crozon south (CS) research area is 

situated in the southern part of the Crozon 

peninsula, which forms the westernmost part of 

the CAD. It is composed of an Atlantic coastal 

section in between ‗Pointe de Dinan‘, and 

‗Pointe de Lostmarc’h‘, containing six outcrop 

zones (CS01 to CS06). An extra outcrop zone 

(CS07) is located more to the east near ‗Pointe 

de Trébéron‘ in the ‗Baie de Douarnenez‘ (Fig. 

4.1). Although the Atlantic section is 

continuously exposed, we have subdivided it 

into six distinct outcrop zones for practical 

reasons. CS01, CS03 and CS05 correspond to 

three zones with a high density of chevron-type 

folds, i.e. the Kerguillé (50 - 225 m), the 

Kerabars (875 – 1100 m) and the Lostmarc‘h 

(1500 – 1600 m) fold zone, respectively. CS02 

(225 – 775 m), CS04 (1100 – 1400 m) and 

CS06 (1600 – 1700 m) correspond to parts with 

a consistent steep bedding attitude. (Fig. 4.2). 

Appendix 1 lists all the samples that have been 

collected from each outcrop zone and their 

exact position. In appendix 2 the detailed 

position of all samples is shown either on a 

profile of section CS01 to CS06 or on a map for 

CS07. 

The geological map of the Atlantic section is 

shown in Fig. 4.2(a). The part between ‗Porzh 

Koubou (Kerguillé)‘ and ‗Pointe de Lostmarc’h‘  

 

Fig. 4.1: Schematic geological map of the Crozon 

peninsula (see Fig. 1.3(c) for situation within the study 

area. The Crozon south and Crozon north research 

areas are marked with a red box. 
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Fig. 4.2: (a) Geological map of outcrop zone CS01 to CS06 from the Crozon south research area [Modified from 

Barrière et al., 1975]. See Fig. 4.1 or inset for location within the Crozon peninsula. (b) Cross section from 

Kerguillé to Lostmarc‘h showing the architecture of the Crozon fold-and-thrust belt in the Crozon south research 

area. The coloured circles represent the sample locations. 
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Fig. 4.3: (a) Disharmonic, chevron-type folds in the Kerguillé fold zone (CS01). (b) Orientation of the axial planes 

and fold axes of the disharmonic, chevron-type folds in the three distinct fold zones of the Kerguillé to Lostmarc‘h 

section. (c) A set of isoclinals folds indicating a shortening of about 50 %. (d) Large-scale thrust fault in the 

Kerabars fold zone (CS03). (e) Small-scale thrust fault with little displacement in the multilayered Plougastel 

Formation. 

is almost entirely composed of rocks from the 

Plougastel Formation. A detailed survey of this 

1800 m long section has been performed, 

resulting in a new cross-section, presented in 

Fig. 4.2(b). The section shows a generally 

steep architecture with a number of large-

scale, rather symmetrical, upright folds and 

three distinct zones with a high density of cm to 

multimeter-scale, chevron-type folds (Fig. 

4.3(a)), i.e. from 50 to 225 m (the Kerguillé fold 

zone – CS01), from 875 to 1100 m (the 

Kerabars fold zone – CS03) and from 1500 to 

1600 m (the Lostmarc‘h fold zone – CS05). A lot 

of these chevron-type foldd are disharmonic and 

asymmetric. Bedding-parallel slickenfibres, 

perpendicular to the subhorizontal, NE-SW 

trending fold hinge lines, suggest that these 

folds are formed by flexural slip folding. The 

attitude of these chevron-type folds is rather 

consistently upright and NE–SW trending, 

although a small difference exists between the 

different fold zones (Fig. 4.3(b)). This attitude 

complies the attitude of the large-scale folds. In 

the more fine-grained series of the Plougastel 

and Kerguillé Formations an axial planar 

cleavage is apparent. Furthermore, different 

sets of closely spaced, very tight (isoclinal) folds 

with an amplitude of a few centimeter have been 

observed, again with a similar orientation for the 

axial planes with respect to the large-scale folds 

(Fig. 4.3(c)). These small fold sets allow to 

estimate an overall shortening of about 50 %. 

Finally, throughout the section different thrust 

faults can be observed. These are both N and 

S-vergent, although the latter dominate. Most of 

these faults show only a limited displacement 
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(Fig. 4.3(e)), but two larger thrusts can be 

observed in the Kerabars (Fig. 4.3(d)) and 

Lostmarc‘h fold zone, respectively. In the latter 

zone, the thrust forms the contact between the 

Plougastel and Kerguillé Formations. 

Fig. 4.4(a) shows a geological map of the area 

around ‗Pointe de Trébéron‘ (CS07). The 

schematic cross section shows the area 

northwest of ‗Pointe de Trébéron‘, defined by 

the typical Lower Palaeozoic sequence of the 

CAD that dips steeply to the southeast. ‗Pointe 

de Trébéron‘ itself exposes the core of a 

regional-scale synform, from which the south-

eastern limb is overthrusted, exposing again the 

Kerguillé Formation. In the coastal cliffs of 

‗Pointe de Trébéron‘ disharmonic and 

asymmetric, chevron-type folds that are similar 

to those observed in the fold zones of the Porzh 

Koubou (Kerguillé)‘ to ‗Pointe de Lostmarc’h‘ 

section, are observed. 

Hence, the Plougastel Formation distinguishes 

itself from the other Palaeozoic formations by its 

typical deformation character, including thrusts 

at different scales and disharmonic and 

asymmetric folds occurring predominantly in 

specific fold zones. This type of strain 

partitioning is a result of the sedimentary 

heterogeneities in the Plougastel Formation (see 

section 4.2.1 and 4.2.2 ). The structures 

developed in a thin-skinned fold-and-thrust belt 

related to the ‗Bretonian phase‘ (see section 

1.3). Cleavage is apparent in the fine-grained 

series of the Plougastel Formation and in the 

Kerguillé Formation, and has consistently a 

rather steep NE–SW orientation. This is parallel 

to the axial planes of the different type of folds. 

Together with the bedding-cleavage intersection 

lineation, that is parallel to the fold hinge lines 

observed in the field, this implies that the 

cleavage and folds are cogenetic. 

4.1.2 Crozon fold-and-thrust belt: northern 

part 

The Crozon north (CN) research area is made 

up of the coastal section between ‘Pointe des 

Espagnols‘ and ‗Pointe des Capucins’ (Fig. 4.1). 

The coastal cliffs in this section are less 

accessible compared to those of the ‗Porzh 

Koubou’ to ‗Pointe de Lostmarc’h‘ section. 

Therefore, the samples have been collected in 

six scattered outcrop zones (CN01 to CN06)  

 

Fig. 4.4: (a) Geological map of outcrop zone CS07, 

Crozon south research area [Modified from Barrière 

et al., 1975]. See Fig. 4.1 for location within the 

Crozon peninsula. (b) Schematic cross section from 

the ‗Plage de Postolonnec‘ (A) to the ‗Plage de l’Aber‘ 

(A‘). The green circles represent the sample locations 

of outcrop zone CS07. See Fig. 4.2 for the full legend. 

(see Fig. 4.5(a) and (c) for location of the 

outcrop zones). 

The area is dominated by a large-scale, 

northeast-trending, open synform that is most 

apparent in the NW-SE oriented ‗Pointe des 

Espagnols‘ to ‘Ancien Fort de la Fraternité’ 

section (Fig. 4.5(b)), described by Darboux and 

Plusquellec [1981]. This section exposes rocks 

of the Grès de Landévennec and Plougastel 

Formation. The NE-SW oriented ‘Pointe des 

Espagnols‘ to ‗Pointe des Capucins’ section 

exposes the Plougastel Formation continuously 

because it is oriented along strike of the 

northwestern limb of the large-scale synform. 

On outcrop-scale, the rocks of the Plougastel 

Formation show cm to multimeter-scale, 

disharmonic and asymmetric folds. The axial 

planes of these folds are subhorizontal or gently 

dipping. In the CN01, CN02 and CN06 outcrop 

zones, the asymmetric folds are rather south to 

southeast-vergent and in the CN03, CN04 and 

CN05 outcrop zones they are rather north to 

northwest-vergent. These folds are 

accompanied by an axial planar cleavage that 

is well developed in the more pelitic beds of the 

Plougastel Formation. Furthermore, local-scale 

thrust faults, both NW and SE-verging, have 

been observed in the ‗Pointe des Espagnols‘ to 

‘Ancien Fort de la Fraternité’ section. 
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Fig. 4.5: (a) Geological map of the Crozon north research area [Modified from Chauris et al., 1980]. The coloured 

circles represent the sample locations for the different outcrop zones (CN01 to CN06). See Fig. 4.1 for location 

within the Crozon peninsula. (b) Cross section from ‗Pointe des Capucins‘ to the ‗Ancien Fort de la Fraternité‘ 

[Darboux and Plusquellec, 1981]. (c) (Along strike) schematic cross section from ‗Pointe des Espagnols‘ to 

‗Pointe des Capucins‘, showing the attitude of the asymmetric folds and associated cleavage in the Plougastel 

Formation for the six different outcrop zones. 

Based on these observations, Darboux and 

Plusquellec [1981] proposed a progressive 

deformation regime, in which two folding 

episodes can be distinguished. The first phase, 

i.e. the ‗Bretonian phase‘ (see section 1.3) 

resulted in syn-cleavage, asymmetrical folds 

that are typical for the thin-skinned, Crozon fold-

and-thrust belt. Subsequently, a second 

deformation phase, which is represented by 

large-scale, NE-trending, open, symmetric folds, 

refolded these structures to their current, 

subhorizontal to weakly inclined orientation. 

Indications for a secondary cleavage have not 

been observed in the rocks of the Plougastel 

Formation in the ‘Pointe des Espagnols‘ and 

‗Pointe des Capucins’ section. 

4.1.3 Monts d‘Arrée slate belt 

The Monts d’Arrée slate belt (MASB) 

research area is situated in the inland CAD 

around the Monts d‘Arrée (Fig. 1.3(c)). This is a 

linear NE – SW striking chain of hills, which is 

30 km long and 2.5 km wide, that is considered 

a recent geomorphologic feature. On top of the 

actual Monts d‘Arrée, i.e. the yellow box in 
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Fig. 4.6: (a) Geological map of the Monts d‘Arrée slate belt (MASB) research area [Modified from Chantraine et 

al., 1981; Hallégouët et al., 1982; Castaing et al., 1987b]. The yellow box represents the actual Monts d‘Arrée, the 

white boxes the ten different outcrop zones and the green circles the outcrop locations. (b) Schematic cross 

section of the MASB overlying the Ordovician succession which defines the Grès Armoricain Antiform (GAA). 

Note that the vertical scale is exaggerated [Modified from van Noorden, 2007]. 

Fig. 4.6(a), and to lesser extent also in its 

vicinity, exposures of individual rock masses can 

be found. The research area is subdivided in ten 

distinct outcrop zones (MASB01 to MASB10), 

whose limits are marked by white boxes in Fig. 

4.6(a). The sampled outcrops are designated by 

the green marks. MASB01 to MASB06 are 

outcrop zones situated on top of the actual 

Monts d‘Arrée, whereas MASB07 and MASB08 

are situated more to the south and MASB09 and 

MASB10 more to the north. 

The architecture of the MASB was investigated 

in detail by van Noorden [van Noorden, 2007]. 

The main deformation features are second- and 

higher-order cylindrical folds with a clear 

disharmonic nature, and a cogenetic, 

pervasive cleavage with a rather constant 

attitude, i.e. steeply southeast-dipping. The folds 

have a consistent northwest vergence, both 

north and south of the ‗Massif granitique de 

Huelgoat‘, and are part of a subhorizontal to 

moderately north-dipping fold train (Fig. 4.6(b)). 

Furthermore, strike-slip structures (e.g. 

extensional shear bands, drag folds) occur very 

localized in the outcrops of the MASB and are 

randomly distributed. 

The cylindrical folds and associated cleavage 

resulted from contraction associated with a 

major top-to-the-NW thrusting and nappe 

stacking, i.e. the ‗Bretonian phase‘ (see 

section 1.3). The overall shortening that can be 

inferred for the entire MASB, based on field 
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observations and the pervasive cleavage 

development, is in the order of 50 to 60 % [van 

Noorden et al., 2007]. This is much more than 

the 20 to 45 % shortening determined for the 

underlying Grès Armoricain [Law, 1986]. 

Because of this difference, van Noorden [2007] 

suggested that the internal deformation of the 

MASB occured above a regional décollement. 

As the cylindrical folds and cleavage south of 

the ‗Massif granitique de Huelgoat‘ (e.g. 

MASB07 and MASB08) are also north vergent, 

this main contraction-dominated deformation 

event occurred prior to the emplament of this 

granite, thus prior to 336 ± 13 Ma [Peucat et al., 

1979]. The strike-slip structures reflect the 

wrench component of a transpressional strain, 

representing incipient strain partitioning during 

later stages of the progressive deformation 

history (see section 1.3 and Sintubin et al., 

2008). 

4.1.4 Montagnes Noires slate belt 

The Montagnes Noires is a morphologically well 

expressed, N80E-trending ridge, extending over 

more than 50 km and with a mean width of 

approximately 4 km, situated in the inland CAD 

approximately 30 km south of the Monts d‘Arrée 

(Fig. 1.3(c)). It separates the Brioverian unit to 

the south from the Carboniferous Châteaulin 

basin to the north (Fig. 4.7). The Montagnes 

Noire slate belt (MNSB) research area refers 

to the lower to middle Palaeozoic 

metasedimentary sequence that defines this 

linear belt and shows a consistent subvertical 

attitude with younging direction to the north. We 

have defined three distinct outcrop zones in the 

MNSB, i.e. from east to west Roc‘h ar Werchez 

(MNSB01), Belle Roche (MNSB02) and Roche 

du Feu (MNSB03). 

The large-scale architecture of the MNSB is a 

simple cartographic pattern of strata with a 

subvertical attitude (Fig. 4.7). Nevertheless, 

there is also evidence for map-scale folding of 

the main arenitic horizons, i.e. the Gres 

Armorican, Gres Kermeur and Grès de 

Landévennec Formations. The three outcrop 

zones are located in the different limbs of the 

two map-scale folds. Furthermore, the rocks of 

the Plougastel Formation are again 

characterized by centimetre to meter-scale, 

asymmetric folds and a pervasive cleavage 

that is approximately axial planar to these folds. 

The folds display a remarkable similarity to the 

fold style observed in the MASB, i.e. higher-

order folds with strongly curved fold hinges. 

 

 

Fig. 4.7: Geological map of the Montagnes Noires slate belt (MNSB) research area [Modified from Le Gall and 

Garreau, 1988; Béchennec and Hallégouët, 1999; Plusquellec et al., 1999; Béchennec and Hallégouët, 2001]. 

The coloured circles represent the locations of the different outcrop zones. 
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The asymmetry of the folds and the wide 

dispersion of the fold hinge lines have been 

invoked to support a deformation model that is 

dominated by dextral transcurrent shear 

[Darboux and Le Gall, 1988; Darboux, 1991]. 

However, taking into account the similarity with 

the deformation style in the MASB, the question 

can be asked whether the dextral transcurrent 

component in the MNSB is not merely a 

subsidiary effect after a main contraction-

dominated deformation resulting in a steepened 

belt (see section 1.3 for extended discussion). In 

any case, the contraction-dominated 

deformation, which is responsible for the 

pervasive cleavage development in the fine-

grained series of the MNSB, occurred 

approximately 30 Ma later than the contraction-

dominated deformation in the MASB (Fig. 1.4). 

Hence, the MNSB differs from the other three 

research areas as its main (compressional) 

deformation is due to a (late Variscan) 

Carboniferous deformation phase whereas it is 

related to the early Variscan ‗Bretonian phase‘ in 

the other three research areas [Sintubin et al., 

2008]. 

4.2  The choice of a particular 

sampling horizon within the 

Plougastel Formation as regional 

reference unit: the homogeneous 

siltstone beds 

As regional lithostratigraphical reference unit, 

we selected a sampling horizon in the Pridolian 

to Lochkovian Plougastel Formation (Fig. 1.4), 

which we have termed ‘homogeneous 

siltstone beds (HSB)’. The HSBs have been 

selected because they are relatively fine-grained 

and ubiquitous in the Plougastel Formation. 

These HSBs are easily recognizable in the four 

different research areas of the regional study 

area. Furthermore, the absence of a 

macroscopically visible, primary fabric and 

grain-size variation (see description below) 

makes the magnetic fabric within the HSB a 

potential strain marker and hence, an ideal 

sampling horizon for this study. 

4.2.1 The Plougastel Formation in the 

literature 

The Plougastel Formation, or Schistes et 

Quartzites de Plougastel, forms a characteristic 

stratigraphical unit in the CAD. It is exposed 

throughout the entire CAD but complete 

sections are lacking. Therefore, there has been 

some debate on the thickness of the Plougastel 

Formation, i.e. 500 m according to Renouf 

[1965], 400 m according to Bishop et al. [1968] 

and 350 m according to the estimation of the 

cartographers of BRGM [Barrière et al., 1975; 

Chauris et al., 1980]. The most complete 

sections can be found in the coastal cliffs of the 

Crozon peninsula (Fig 1.3(c)). These coastal 

section were first described by Collin [1912]. 

Subsequently in the 1960‘s, Bradshaw [1963] 

studied the lithostratigraphy, sedimentation and 

structures of these sections in more detail. He 

made a subdivision of the Plougastel Formation 

in a lower group, i.e. ‗Assises de Lostmarc’h‘ 

and an upper group, i.e. ‗Assises de Plougastel‘. 

The rocks of the Plougastel Formation that are 

exposed in the inland area of the CAD and on 

the Plougastel peninsula, where they are 

described in more detail by Renouf [1965], all 

belong to the upper group. However, both 

groups are very hard to distinguish because the 

only difference between them is the relative 

proportion of the different lithology types. 

Therefore, for this work, we will not use this two-

fold subdivision of the Plougastel Formation. 

Different lithology types. 

Although Bradshaw [1963] and Renouf [1965] 

use different classification schemes for the 

different lithology types of the Plougastel 

Formation, both authors agree that it contains 

an alternation of white and black ‗quartzites‘, 

and silty shales. Furthermore, Renouf [1965] 

adds a group of intraformational conglomerates 

in the upper parts of the Plougastel Formation. 

 The white ‘quartzites’ of the Plougastel 

Formation form massive beds that can 

reach a thickness of about two meters. 

They often display cross-lamination, ripple 

marks and worm borings. Sometimes, they 

occur as lenticular beds that can vary 

considerably in thickness and occasionally, 

convolute bedding is developed. 
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 The black ‘quartzites’ are less abundant 

than the white ones and have a more 

consistent thickness. Sometimes, they 

show a shade of green, indicating the 

presence of chlorite. The black ‗quartzites‘ 

are strongly affected by bioturbation. 

 The silty shales occur as thin beds, 

alternating with black ‗quartzites‘ of the 

same thickness, to form the lithology that 

gives the Plougastel Formation its original 

name (‗Schistes et Quartzites de 

Plougastel‘). They often contain worm 

borings and small channels, filled with 

material of the black quartzites. 

 The intraformational conglomerates 

occur in relatively thin beds, from 2 to 

10 cm thick, in the upper parts of the 

Plougastel Formation The conglomerate 

beds consist of fragments that were plastic 

at the time of their incorporation in the 

matrix (phenoplasts) and the matrix is 

composed of clay/silt and sand. 

Both authors also point out the presence of 

numerous soft-sediment deformation features. 

Bradshaw [1963] describes three groups based 

on the grade of post-deposition displacement by 

sub-marine sliding. 

 The first group consist of non-cylindrical 

folds, that are tongue-shaped and often 

occur in an overturned position. These 

structures formed due to the drag of 

bounding slump horizons when a plastic 

argillaceous sandstone started to slide. The 

total displacement associated with this 

group is less than a meter. 

 The second group consists of sediments 

that behave as a viscous fluid producing 

convoluted beds and isolated sandstone 

balls. 

 The third group involves massive, dark 

grey, silt/clay sediments with no internal 

lamination, containing fragments of the 

various rocks of the Plougastel Formation. 

The most abundant fragments are bodies of 

white ‗quartzites‘ of different sizes. 

According to Bradshaw [1963], this group is 

associated with the largest (multimeter) 

grade of displacement. It corresponds with 

the final lithology type of Renouf‘s [1965] 

(non-genetic) classification scheme, i.e. 

non-laminated, homogeneous looking dark 

quartzites. The term ‗quartzite‘ seems 

inappropriate as, according to the same 

author, more than 50 % of the rock is 

clay/silt grade. In this work, the levels of 

this group are termed ‗homogeneous 

siltstone beds‘ (HSB), and they have been 

chosen as the regional lithostratigraphical 

reference unit for the magnetic fabric 

analysis. 

Sedimentary facies 

With respect to the underlying formations, that 

are all dominantly fine-grained, the rocks of the 

Plougastel Formation indicate a new flux of 

clastic material. The typical alternation of silty 

shales and quartzites suggests a sedimentary 

facies, in which both clay or silt and fine sand 

can be deposited. Some interpreted the 

Plougastel Formation as flysch deposits 

[Renouf, 1965] or turbidites [Pelhate, 1980], 

other authors have inferred a shallower 

environment [Babin and Racheboeuf, 1975; 

Deunff and Chateauneuf, 1976] that is instable 

[Bishop et al., 1968]. Guillocheau and Rolet 

[1982] balanced out the different arguments and 

came to the conclusion that the presence of 

cross laminations, ripple marks and abundant 

bioturbations, together with the absence of true 

Bouma sequences, suggest that the Plougastel 

Formation is deposited in proximal, platform 

conditions. The omnipresent soft-sedimentary 

deformation features are due to a high-

sedimentation rate and/or an instability of the 

platform. 

4.2.2 Field description of the homogeneous 

siltstone beds 

Lithology 

For this study, outcrops in the different research 

areas of the CAD, which are exposing the 

Plougastel Formation, have been examined for 

the presence of HSBs. This typical lithology type 

is easily recognizable and can be found in 

almost all of the large outcrops, i.e. outcrops 

that expose at least a few meters of the 

stratigraphic succession. Hence, it can definitely 

be concluded that the HSB‘s are omnipresent 

throughout the Plougastel Formation. Conform 

the description of Bradshaw [1963] and Renouf 

[1965], the HSBs are made up of dark grey, very  
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Fig. 4.8: Characteristic lithology types of the Plougastel Formation: (a) homogeneous siltstone bed (HSB), 

(b) isolated sandstone lenses within a HSB, (c) folded, quartzitic sandstone lens within a HSB, (d) discontinuous 

multilayer facies, (e) discrete multilayer facies and (f) quartzitic sandstones. Hammer for scale is 33 cm. 

homogeneous siltstone without any internal 

laminations (Fig. 4.8(a)). The thickness of the 

beds ranges from about 20 cm up to 7 m. Both 

the upper and lower contacts do not appear to 

be erosive or truncating. Vast outcrops in the 

coastal cliffs of the Crozon peninsula show that 

HSBs are usually laterally continuous, at least 

on a scale of tens of meters. A remarkable 

property of the HSBs is the frequent occurrence 

of isolated sandstone lenses, predominantly in 

the upper part of the bed. The dimensions of 

these lenses vary from very small blobs 

(mm scale) to elongated bodies that are more 

than a meter long (Fig. 4.8(b)). Outcrops that 

allow to observe the lenses in two perpendicular 

sections show that these larger lenses 

predominantly have a flattened (oblate) shape, 

which is often more or less parallel to the overall 
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bedding of the enclosing HSB. Some of the 

isolated lenses have been strongly folded, 

resulting in intrafolial, often non-cylindrical, folds 

of the very competent quartzitic sandstone in an 

otherwise undisturbed HSB (Fig. 4.8(c)). 

Furthermore, we have also observed relatively 

thin homogeneous layers that occur within a 

discontinuous multilayer facies (Fig. 4.8(d)). 

These layers resemble the HSBs but they are 

alternating with irregular layers of sandstone 

and their thickness generally does not reach 

more than a few centimetres. They are also 

crammed with loadcasts and pseudonodules. It 

looks like this discontinuous multilayer facies is 

a transition type between the HSBs and a 

discrete multilayer facies end member. This 

discrete multilayer facies, containing an 

alternation of discrete sandstones and more 

pelitic layers, makes up the bulk of the 

Plougastel Formation succession (Fig. 4.8(e)). It 

corresponds to the silty shales in the 

classification of Bradshaw [1963] and Renouf 

[1965]. Also, the white and black quartzites of 

these classification schemes, albeit that they 

should be properly termed quartzitic 

sandstones, have been frequently observed 

(Fig. 4.8(f)). 

For our sampling campaign, we only used the 

true HSBs. The lenses of the sandy material 

have been avoided while sampling, so that the 

samples (as far as possible) are entirely made 

up of the homogeneous siltstone. The 

considerable thickness of these layers (min. 20 

cm) ensured that we could sample relatively 

large pieces of HSB, enabling us to cut 10 to 12 

cubic specimens from a single sample (see 

section 3.1). 

Macroscopic cleavage fabric 

In all HSBs throughout the different research 

areas of the CAD, a cleavage foliation can be 

observed. In general, the HSBs of the Crozon 

South research area have been weakly cleaved 

whereas those of the other three research areas 

show a pervasive cleavage development. The 

cleavage shows a consistent, regional NE-SW 

to N-S trend throughout the CAD (Fig. 4.9). The 

dip of the cleavage foliation is a bit more 

variable. For the Crozon South research area 

(CS - black diamond markers), the cleavage 

shows an overall subvertical attitude (steeply 

NW- and SE-dipping orientations occur). The 

cleavage in the Montagnes Noires slate belt 

(MNSB - grey triangle markers) shows a similar, 

overall subvertical attitude. For the Monts 

d‘Arrée slate belt (MASB - white circle markers), 

the cleavage is dominantly SE-dipping and the 

dip can be less steep (average dip of 65°) with 

respect to the cleavage in the CS and MNSB 

research areas (average dip of 86° and 81°). 

Finally, the cleavage in the Crozon North 

research area (CN – white square markers) is 

dominantly subhorizontal to weakly S-dipping. 

In the CS, CN and MNSB research areas, there 

seems to be only a single cleavage foliation. 

However, in different outcrop zones of the 

MASB research area, occasional kink bands 

that deform the cleavage foliation can be 

observed in the HSBs. Furthermore, a 

secondary cleavage has been observed within 

fine-grained rocks of the Plougastel Formation in 

the MASB04 and -07 outcrop zones. 

4.2.3 Microscopical analysis of the 

homogeneous siltstone beds 

Thin sections have been prepared from a 

number of HSB samples from the different 

research areas for a petrographic and 

microfabric analysis. The number of investigated 

samples was rather limited, i.e. 28, and 

represents only one or two outcrop zones per  

 

Fig. 4.9: Orientation of the poles to the cleavage 

foliation measured in HSBs of the different research 

areas. 
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research area. Therefore, no representative 

regional conclusions can be drawn from the 

microfabric analysis. Nonetheless, a clear 

difference in composition could be observed 

between the samples from both the Crozon 

south and north research area and those from 

the inland slate belt research areas. The HSBs 

of the Crozon peninsula are rich in quartz, 

muscovite, chlorite and fine-grained micaceous 

material (Fig. 4.10(a-b)), whereas the HSBs of 

the inland slate belts are made up of quartz, 

muscovite, chloritoid with smaller percentages of 

fine-grained micaceous material (Fig. 4.10(c-d)). 

In all four research areas, the HSBs are 

dominantly fine-grained, i.e. the tabular mica 

crystals do not get larger than 100 µm and the 

quartz grains are generally of silt grade 

(< 62.5 µm according the Wentworth [1922] 

classification). 

The microfabric of the HSBs in all four research 

areas is dominated by a single, cleavage 

parallel foliation. It can be described as a 

spaced foliation, consisting of cleavage domains 

and microlithons [Passchier and Trouw, 2005]. 

The cleavage domains are rich in micas and 

fine-grained micaceous material (Fig. 4.10(b)) 

for the Crozon samples and in muscovite and 

chloritoid for the inland samples (Fig. 4.10(d)). 

The microlithons contain predominantly quartz 

and occasionally, randomly oriented mica 

crystals. Characteristics of a primary foliation, 

such as sedimentary structures and layers with 

a variable composition and grain size, have not 

been observed in the HSBs. 

 

Fig. 4.10: Crossed polarised light photomicrographs of homogeneous siltstone beds (HSB). (a-b) Sample 

BR09TH050 (Crozon peninsula, CN06) is relatively fine-grained and dominantly composed of quartz, muscovite, 

chlorite and fine-grained micaceous material. It shows a cleavage parallel, spaced foliation that is defined by 

mica-rich cleavage domains and quartz-rich microlithons. (c-d) Sample BR09TH133 (Monts d‘Arrée slate belt, 

MASB03) is relatively fine-grained, dominantly composed of quartz, muscovite and chloritoid and is also showing 

a cleavage-parallel spaced foliation. 
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Two remarks concerning the microfabrics in the 

MASB research area can be made based on 

observations discussed in literature. Firstly, 

Darboux and Garreau [1976] and van Noorden 

[2007] have observed a crenulation cleavage in 

thin sections of fine-grained rocks of the 

Plougastel Formation from the MASB research 

area. These thin sections were made of the 

rocks in which a secondary cleavage (described 

in the previous section) has been observed. We 

did not observe this kind of structure in thin 

sections of the HSBs from the MASB research 

area. However, if we missed it and this 

secondary cleavage would also be present in 

some HSB samples of the MASB research area, 

it may alter the AMS of these samples. 

Secondly, Darboux and Garreau [1976] 

observed that although most chloritoid crystals 

are oriented in the cleavage foliation, some 

chloritoid crystals cut the cleavage foliation and 

must have a post-deformation origin. In the thin 

sections we have investigated, the chloritoid 

crystals are all very small but they seem to be 

consistently oriented within the cleavage 

foliation (Fig. 4.10(d)). However, if some HSB 

samples of the MASB research area contain 

oblique oriented chloritoid crystals (with respect 

to the cleavage foliation), this would affect the 

AMS of these samples. So, despite that our 

observations of the microfabric of the HSBs in 

the MASB research area show a single, 

cleavage-parallel foliation (just as in the other 

three research areas), this foliation might be 

altered in some samples of the MASB research 

area. The observations of Darboux and Garreau 

[1976] and van Noorden [2007] will be 

considered when interpreting these magnetic 

fabrics. 

4.2.4 Mineralogical analysis of the 

homogeneous siltstone beds 

Bulk analysis 

In agreement with the microscopical 

observations, a clear difference in mineralogical 

composition can be observed between the 

HSBs from the Crozon peninsula (i.e. Crozon 

south and north research area) and those from 

the inland slate belts of the CAD (i.e. MASB & 

MNSB research area). The former contain 

dominantly quartz, illite-muscovite (which cannot 

be quantified separately due to the very similar 

mineral structure and will be addressed further 

as white mica), pyrophyllite, chlorite, and 

subordinate kaolinite, rutile and feldspar 

(microcline). An example of a X-ray 

diffractogram for such a specimen 

(BR09TH004B1) is shown in Fig. 4.11(a). The 

latter contain dominantly quartz, white mica, 

chloritoid and subordinate chlorite and 

sometimes kaolinite. An example of a X-ray  

 

Fig. 4.11: XRD diffractograms of a homogeneous siltstone specimen typical for (a) the Crozon peninsula and (b) 

the inland slate belts of the CAD. 
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Fig. 4.12: Average composition of the HSBs per outcrop zone, as determined by the bulk XRD analysis. The 

number of analyzed specimens per outcrop zones is listed between brackets. 

diffractogram for such a specimen 

(BR09TH103B2) is shown in Fig. 4.11(b). The 

bulk mineralogical composition of all 81 

investigated HSB specimens is listed in 

appendix 3. Fig. 4.12 shows the averaged 

mineralogical composition per outcrop zone of 

all four research areas. In summary, the 

difference in mineralogical composition of the 

HSBs from the Crozon peninsula and the inland 

slate belts principally includes: 

 The occurrence of pyrophyllite solely in the 

HSBs from the Crozon peninsula; 

 The occurrence of chloritoid solely in the 

HSBs from the inland slate belts and in 

those from outcrop zone CN01 and CN02; 

 The presence of only a very limited amount 

of chlorite in the HSBs from the inland slate 

belts (4.5 % in the MASB and 3.6 % in the 

MNSB) versus a significant amount in the 

HSBs from the Crozon peninsula (12.6 % in 

CS and 14.2 % in CN); 

 A distinctly higher concentration of white 

mica in the HSBS from the inland slate belt 

(34.9 % in the MASB and 26.1 % in the 

MNSB) with respect to the HSBs from the 

Crozon peninsula (18.2 % in CS and 

19.8 % in CN). 

The composition of the HSBs from the Crozon 

peninsula reflects the anchizonal, regional 

metamorphic mineral assemblage of Paradis et 

al. [1983], which was obtained for the pelitic 

rocks of the CAD (see section 1.3, eq. [1.1]). 

The presence of pyrophyllite suggests that the 

HSBs are relatively poor in potassium. In normal 
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potassium-bearing sediments, eq. [1.1] does not 

take place because prior to the late diagenetic to 

low anchizone transition, kaolinite has already 

been removed from the rocks by the formation 

of illite, or chlorite if Fe and/or Mg is available 

[Velde, 1968; Dunoyer de Segonzac, 1970; 

Boles and Franks, 1979; Frey and Robinson, 

1999]. The occurrence of chloritoid in favor of 

pyrophyllite in the northernmost outcrop zones 

of the CN research area marks the transition to 

an epizonal degree of regional metamorphism 

(see section 1.3, eq. [1.2]). Such a northward-

increasing metamorphic gradient for the Crozon 

peninsula is indeed described by Paradis et al. 

[1983]. The absence of pyrophyllite and nearly 

all chlorite in favor of chloritoid within the HSBs 

from the inland slate belts indicates that the 

rocks in these have reached an epizonal degree 

of regional metamorphism (eq. [1.2]). 

This difference in metamorphic mineral 

assemblage has important consequences for 

the regional magnetic fabric analysis of the 

CAD. For the HSBs with an anchizonal mineral 

assemblage, white mica [KAl2(AlSi3O10)(OH)2], 

in which octahedral Al cations can be 

substituted by Fe
2+

 and/or Fe
3+

, and chlorite 

[(Mg,Fe)6(Si,Al,Fe)4O10(OH)8], that can contain 

up to 38 wt% FeO [Deer et al., 1962], are the 

paramagnetic phases present (Table 4.1). Given 

their relatively high concentrations (Fig. 4.12), 

the contribution to rock magnetic susceptibility 

and its anisotropy of the diamagnetic quartz, 

pyrophyllite and kaolinite will be negligible. For 

the HSBs with the epizonal mineral assemblage,  

Table 4.1: Type of magnetic behavior of the mineral 

present in the HSBs and their intrinsic magnetic 

susceptibility. 

Mineral Magnetic Behavior κ (x10
-6

) 

Quartz diamagnetic - 14 
1
 

White mica paramagnetic 103 
2
 

Chlorite paramagnetic 244 
2
 

Pyrophyllite diamagnetic ? 

Chloritoid paramagnetic 1726 
3
 

The type of magnetic behavior is defined by 

Rosenblum and Brownfield [2000], the intrinsic 

magnetic susceptibility is from: 
1
[Hrouda and Kapička, 

1986]; 
2
[Biedermann et al., 2014] – note that this 

chlorite κ-analysis is based on only 5 samples with a 

consistent FeO composition of ± 4 % and higher κ 

values are expected for more Fe-rich chlorites; 
3
[Haerinck et al., 2013]. 

chlorite is only of minor importance and instead 

the metamorphic mineral chloritoid 

[(Fe,Mg,Mn)2(Al,Fe)Al3O2(SiO4)2)(OH)4], which 

can contain up to 28.5 wt% Fe2O3 and 14 wt% 

MnO [Deer et al., 1982], is a volumetrically 

important paramagnetic phase. 

Despite sampling a singular lithology type of a 

specific stratigraphic formation, i.e. the HSBs of 

the Plougastel Formation, the magnetic 

susceptibility of the HSBs from the Crozon 

peninsula and the inland slate belts arises from 

a different paramagnetic mineral 

assemblage. In the next chapter, the intrinsic 

magnetic anisotropy of the three paramagnetic 

phases present, i.e. white mica, chlorite and 

chloritoid, will be discussed. A more detailed 

analysis of the relation between the 

mineralogical composition and the magnetic 

fabric results is given in chapter 6 (section 6.3). 

< 2 µm analysis 

The X-ray diffractograms of the < 2 µm fraction 

show a clear difference between the HSBs from 

the Crozon peninsula and those from the inland 

slate belts. Firstly, the 7 to 12 °2θ diffractograms 

of the Crozon peninsula specimens contain two 

dominant peaks at 10 Å and at 9.2 to 9.3 Å, 

respectively, which partially overlap. The former 

reflects the white mica 001 basal reflection and 

the latter is a pyrophyllite peak. In between 

these two peaks, some specimens show a small 

peak at about 9.6 Å, whereas for other 

specimens the 10 Å peak is asymmetric at the 

right side (Fig. 4.13(a)). From this, we have 

concluded that the < 2 µm fraction of the HSBs 

from the Crozon peninsula also contains some 

paragonite [NaAl2(AlSi3O10)(OH)2], which has 

its basal reflection at 9.6 to 9.7 Å. Secondly, for 

the 7 to 12 °2θ diffractograms of the specimens 

of the inland slate belts, there is only one 

dominant peak, i.e. the 10 Å white mica peak. 

Again, a number of specimens show a small 

(partially overlapping) peak at about 9.6 to 9.7 Å 

or an asymmetry at the right side, which is 

indicative for paragonite (Fig. 4.13(b)). 

The illite crystallinity indices is defined as the 

width at half height of the 10 Å peaks and can 

be determined by manual deconvolution in case 

of overlapping peaks. The IC indices show a 

marked differences for the different research 

areas (Fig. 4.14). The lowest crystallinity is  
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Fig. 4.13: XRD diffractograms (7 to 12 °2θ) of the 

< 2 µm fraction of HSB specimens typical for (a) the 

Crozon peninsula and (b) the inland slate belts. The 

illite crystallinity is measured as the width of the 10 Å 

peak at half height. 

clearly found in the HSBs from the Crozon south 

research area (IC = 0.61 ± 0.05 °Δ 2θ), whereas 

the highest crystallinity is obtained in the HSBs 

from the MASB (IC = 0.28 ± 0.06 °Δ 2θ). For the 

HSBs of the Crozon north research area and 

those from the MNSB, only two specimens have 

been analyzed, i.e. 40 and 45 °Δ 2θ and 32 and 

37 °Δ 2θ, respectively. Thus, the IC of the 

Crozon north specimens is clearly higher than 

that of the Crozon south specimens but still 

somewhat lower than that of the inland slate 

belts. Note that the IC of the MNSB specimens 

falls in the range observed for the MASB. 

It can be concluded that with respect to the 

degree of regional metamorphism determined 

from the mineral assemblages, i.e. anchizonal 

for the Crozon peninsula and epizonal for the 

inland slate belts, the IC index suggests a 

relatively lower crystallinity for all investigated 

specimens. This suggests that the IC index 

underestimates the regional degree of 

metamorphism. It can be explained by a 

deficiency of potassium in the HSBs, which is  

 

Fig. 4.14: Illite crystallinity (IC) results of the HSBs 

from the different research areas (CS: Crozon south; 

CN: Crozon north; MASB: Monts d‘Arrée slate belt; 

MNSB: Montagnes Noires slate belt). Note that the 

10 Å peak of the HSBs from the Crozon peninsula is 

partially overlapped by a 9.2 Å pyrophyllite peak and 

hence, its IC index is dubious. SRM: standard 

reference material of H. Kisch [Krumm et al., 1994]. 

 

 

 

 

 

 

indicated by the presence of pyrophyllite. The 

illitization of smectite and the transformation of 

illite to muscovite, which are accompanied by 

reduced 10 Å peak widths, both require 

potassium, and thus may be retarded by a 

deficiency in potassium [Kisch, 1979]. 

Therefore, it is best to use the IC index only as 

relative indicator for the degree of regional 

metamorphism: 

 The HSBs of the inland slate belts have a 

higher metamorphic grade than those from 

the Crozon peninsula; 

 Within the Crozon peninsula, a higher 

metamorphic grade can be observed for the 

HSBs from the northern research area with 

respect to those from the southern research 

area (cf. the metamorphic gradient derived 

from the metamorphic minerals by Paradis 

et al. [1983]). 
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4.2.5 Genesis of the homogeneous siltstone 

beds 

The characteristic HSBs of the Plougastel 

Formation are interpreted by Bradshaw [1963] 

and Renouf [1965] as the product of slumping 

(see section 4.2.1 ). Slumping is a type of 

gravitational mass movement of coherent 

sediments above a basal shear surface whereby 

there is significant internal distortion but 

nonetheless, the bedding remains recognizable 

[Stow, 1986]. The product of a slumping process 

is a lenticular unit of deformed sediment with a 

typical chaotic appearance of the primary 

bedding that is distorted by folds, faults and 

internal shears [Maltman, 1994]. Based on our 

observations, we conclude that the HSBs do not 

match these criteria. The bedding is not 

recognizable, and internal deformation features 

are absent except for the folded, isolated 

sandstone lenses in a number of HSBs. 

Furthermore, the basal surface shows no signs 

of erosion and we did not find any evidence for a 

downhill mass movement, i.e. no consistent 

directional asymmetry or slump scars were 

observed. 

Based on the observation that thin 

homogeneous zones also occur in the 

discontinuous multilayer facies (see 

section 4.2.2), we suggest that the sediments of 

the HSBs have been deposited in a similar way 

as the sediments in the other lithostratigraphic 

units of the Plougastel Formation, i.e. a 

multilayered alternation of sand, silt and clay 

(Fig. 4.15(a)). The present HSBs must have 

gone through a state that allowed the 

(multilayered) sediments to homogenize 

completely. The isolated sandstone lenses could 

be remnants of sand layers that did not 

homogenize completely with the other 

sediments. The isoclinals folding of some of the 

sandstone lenses (Fig. 4.8(c)), moreover, 

indicates some lateral movements within the 

homogenizing layer. 

A homogenization of originally heterogeneous 

sediments has been observed for silty 

‗homogenites‘ in lake deposits [Siegenthaler et 

al., 1987; Chapron et al., 1999; Moernaut et al., 

2007; Bertrand et al., 2008]. These authors 

proposed an earthquake-triggered re-

suspension model to explain the sediment 

homogenization. Despite the similarities 

between the HSBs and these ‗homogenites‘, this 

model is not applicable for the HSBs of the 

CAD. Firstly, the lacustrine ‗homogenites‘ are 

characterized by the occurrence of a coarse 

base. This base is formed from coarse particles 

that are not re-suspended or immediately settle 

down again. The HSBs do not show this distinct 

coarse base. Secondly, the HSBs contain 

isolated sandstone lenses that cannot be 

explained with the re-suspension model. 

 

 

Fig. 4.15: Conceptual drawing showing that the homogeneous siltstone beds result from the homogenization of 

initially multilayered sediments (sand, silt and clay), which are homogenized by a poorly understood 

penecontemporaneous process. The elongated, and sometimes folded, appearance of isolated sandstone lenses 

suggest that this process can be associated with a lateral spreading of the (liquefied?) sediments in all directions.
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We believe that it is more likely that the 

homogenization occurred in a liquefied state. In 

this state, the sediments loose all strength and 

behave rheologically as a fluid or a plastic [e.g. 

Maltman, 1994]. Subsequent thorough mixing of 

the liquefied sediments, potentially triggered by 

movement of the liquefied units, resulted in the 

homogeneous appearance of the current HSBs. 

As explained above, slumping or some other 

form of downhill mass movement does not seem 

likely because of the lack of erosion contacts 

and other evidence for downhill mass 

movement. Moreover, because the HSBs‘ top 

surfaces consistently do not show any signs of 

truncation, we suggest that the liquefaction 

process occurred intraformational (Fig. 4.15(b)). 

Hence, the HSBs are penecontemporaneous 

structures. The consistent elongated shape of 

the sandstone lenses and the observation that 

they often occur with multiple lenses in a level 

parallel to the overall bedding of the HSB, 

suggest that the liquefaction was accompanied 

by a lateral spreading in all directions. The 

folded sandstone lenses (Fig. 4.8(c)) can also 

result from this parallel movement. This 

intraformational liquefaction may have been 

triggered by earthquake, although other driving 

mechanisms (e.g. storm wave loading) can 

definitively not be excluded [e.g. Maltman, 

1994]. 
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The mineralogical analysis of the HSBs (see 

section 4.2.4, Fig. 4.11) has shown that their 

magnetic properties arise from white mica and 

chlorite in the Crozon peninsula HSBs and from 

white mica, chloritoid and a minor amount of 

chlorite in the inland slate belt HSBs. In this 

chapter, the intrinsic magnetic susceptibility and 

anisotropy of these constituting minerals is 

discussed. For white mica and chlorite, all 

information is obtained from the literature. Note 

that of the different white mica minerals (illite, 

muscovite, paragonite, etc.), only the magnetic 

properties of muscovite single crystals have 

been analyzed. We assume the muscovite 

magnetic properties to be representative for the 

different white mica minerals of the HSBs. For 

chloritoid, no detailed information on its 

magnetic properties could be found in literature. 

Therefore, we performed a proper analysis on a 

collection of chloritoid single crystals in order to 

determine its magnetic properties. These new 

data are presented in the second part of this 

chapter and are published in Haerinck et al. 

[2013]. 

5.1  Muscovite 

Muscovite is a widespread and common rock-

forming mineral, both in igneous rocks, e.g. 

granites or pegmatites, and in (low-grade) 

metamorphic rocks, e.g. schists. It has a 

monoclinic 2/m crystal system and it consists of 

a composite sheet that has an octahedral layer, 

with two third of the sites occupied by Al and 

one third of the sites left vacant, between two 

identical tetrahedron layers of SiO4. This type of 

composite sheet is known as a T-O-T layer. K
+
 

cations bind the composite sheets together 

[Fig. 5.1, Klein et al., 2002]. The general formula 

is KAl2(AlSi3O10)(OH)2. However, Fe
2+

, Fe
3+

 and 

Mn
2+

 can substitute into the octahedral sites. 

The presence of these transition elements and 

their associated magnetic moment results in a 

paramagnetic susceptibility for muscovite. 

The magnetic properties of white mica have 

been investigated by a number of authors by 

analyzing muscovite single crystals or 

aggregates of strongly aligned grains. Ballet and 

Coey [1982] characterized the paramagnetic 

Curie temperature (θp) and the Curie constant 

(C) in two orthogonal directions, parallel and 

perpendicular to the crystal‘s basal plane, 

respectively. Borradaile et al. [1987] have been 

the first to report a single value of the (low-field) 

AMS for muscovite crystals. However, this 

analysis did not take into account the 

contribution of a possible ferromagnetic (s.l.) 

contribution. To solve this issue, Borradaile and 

Werner [1994] have used a high-field method in 

order to isolate the paramagnetic anisotropy. 

They obtained a broad range of values, 

including measurements that do not comply with 

the crystallographic structure, i.e. prolate 

anisotropies and K3 axes that lie within the basal 

plane. A new high-field approach of Martín-

Hernández and Hirt [2003], using a torque 

 

Fig. 5.1: Schematic sketch of the muscovite structure 

[modified after Klein et al., 2002]. 
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magnetometer and strongly improved data-

processing on five muscovite single crystals 

resulted in values that are well constrained and 

consistent with the muscovite crystallographic 

structure. Biedermann et al. [2014] reevaluated 

a number of these crystals, using the same 

torque magnetometry approach, both at room 

temperature and at low temperature (77 K). Both 

the results of Martín-Hernández and Hirt [2003] 

and Biedermann et al. [2014] are presented in 

this work. 

5.1.1 Bulk susceptibility 

The five muscovite single crystals investigated 

by Martín-Hernández and Hirt [2003] show a 

paramagnetic Km that ranges from 100 to 

338 x 10
-6

 [SI], with an average value of 

250 ± 60 x 10
-6

 [SI]. Biedermann et al. [2014] 

obtained slightly lower values, ranging from 85 

to 109 x 10
-6

 [SI] (Table 5.1). All the analyzed 

crystals in these two studies come from two 

localities, i.e. the Swiss Alps and Madras, India. 

In order to get a more representative range for 

the paramagnetic Km value of muscovite, we 

calculated the maximum theoretical 

paramagnetic susceptibility (MTPS, eq. [2.13]) 

from the FeO, Fe2O3 and MnO content of 15 

muscovite crystals from different localities 

worldwide [Table 5.1, data from Deer et al., 

1962]. This results in values ranging from 17 to 

466 x 10
-6

 [SI], with an average value of 

160 ± 136 x 10
-6

 [SI]. This is conform with the 

analyses of Martín-Hernández and Hirt [2003] 

and Biedermann et al. [2014]. 

Table 5.1: Bulk paramagnetic susceptibility range for 

muscovite. 

 

Avg. ± st. dev. Min Max 

κ
1
 (x 10

-6
 SI) 250 ± 60 100 338 

κ
2
 (x 10

-6
 SI) 103 ± 10 85 109 

FeO (%) 0.79 ± 0.73 0 2.30 

Fe2O3 (%) 1.65 ± 2.12 0 6.57 

MnO (%) 0.09 ± 0.18 0 0.62 

MTPS 

(x 10
-6

 SI) 
160 ± 136 17 466 

κ
1
: data from Martín-Hernández and Hirt [2003]; κ

2
: 

data from Biedermann et al. [2014]. The FeO, Fe2O3 
and MnO content is obtained for 15 muscovite single 
crystals [data from Deer et al., 1962]. The maximum 
theoretical paramagnetic susceptibility (MTPS) is 
calculated from these data using equation [2.13]. 

5.1.2 Magnetic anisotropy 

Table 5.2 shows the isolated paramagnetic 

anisotropy of the five muscovite single crystals 

(cut into 9 subsamples) determined by Martín-

Hernández and Hirt [2003]. Five of these 

subsamples have been reevaluated by 

Biedermann et al. [2014]. Both authors found 

that the paramagnetic AMS is highly oblate for 

all investigated crystals. The orientation of the 

AMS ellipsoids is consistent with the 

crystallographic structure of muscovite, i.e. the 

K3 axes are normal to the basal plane and sub-

parallel with the crystallographic c-axis. Note 

that the exact angular difference is not reported. 

The orientation of K1 and K2 within the basal 

plane could not be established within the 

accuracy of the measurements. Hence, the 

paramagnetic susceptibility of muscovite is 

considered nearly isotropic within the basal 

plane. For the corrected degree of anisotropy 

(PJ), Martín-Hernández and Hirt [2003] and 

Biedermann et al. [2014] obtained strongly 

different values, i.e. 1.15 ± 0.05 with a maximum 

value of 1.24 and 1.44 ± 0.02 with a maximum 

value of 1.47, respectively. The reason for this 

pronounced discrepancy is related to the large 

noise level in the measurements of Martín-

Hernández and Hirt [personal communication 

Table 5.2: Magnitudes of the paramagnetic principal 

AMS axes and PJ and T parameters of muscovite. 

 

Name k 1
para

k 2
para

k 3
para

P j
para

T
para

Mu1.01 1.041 1.031 0.928 1.14 0.83

Mu2.01 1.073 1.045 0.882 1.24 0.73

Mu2.02 1.026 1.017 0.957 1.08 0.77

Mu2.03 1.025 1.016 0.959 1.07 0.75

Mu3.01 1.053 1.044 0.902 1.19 0.89

Mu3.02 1.046 1.037 0.917 1.16 0.88

Mu3.03 1.044 1.038 0.918 1.16 0.90

Mu4.01 1.036 1.031 0.933 1.12 0.91

Mu5.01 1.055 1.046 0.899 1.20 0.89

mean
1.04 ± 

0.01

1.03 ± 

0.01

0.92 ± 

0.03

1.15 ± 

0.05

0.84 ± 

0.08

Mu2.01 1.11 1.078 0.812 1.41 0.81

Mu3.01 1.111 1.096 0.793 1.47 0.92

Mu3.02 1.108 1.084 0.808 1.42 0.86

Mu3.03 1.109 1.085 0.806 1.43 0.87

Mu4.01 1.118 1.082 0.8 1.45 0.81

mean
1.11 ±

0.00

1.09 ±

0.01

0.80 ±

0.01

1.44 ±

0.02

0.85 ±

0.05
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Ann M. Hirt]. Therefore, the data of Biedermann 

et al. [2014] are used to define the muscovite 

single crystal tensor for this work. The reported 

intrinsic magnetic anisotropy of the muscovite 

crystals can be summarized in a muscovite 

single crystal AMS tensor. This tensor can be 

used to calculate the AMS of a rock‘s muscovite 

phase from its (independently determined) 

orientation distribution (see section 6.3). In order 

to simplify the calculation and because the 

orientation of K1 and K2 within the basal plane 

could not be established, we use a single crystal 

tensor with an isotropic magnetic susceptibility 

in the basal plane (equal to the average of K1 

and K2). 

                      
      
      
      

  [5.1] 

5.1.3 Magnetic anisotropy behavior at 

low temperature 

Ballet and Coey [1982] and Biedermann et al. 

[2014] investigated the behavior of the 

paramagnetic susceptibility of muscovite as a 

function of temperature from 300 to 5 K, and this 

both within the basal plane and perpendicular to 

it. They found that in both directions, the 

magnetization initially increases linearly with 

decreasing temperature in accordance to the 

Curie-Weiss law (eq. 2.14). However, from 

about 30 to 40 K the measured susceptibility 

starts to deviate from the Curie-Weiss fit (Fig. 

5.2). This deviation is because the ‗pure 

paramagnetic‘ behavior in muscovite is modified 

by a weak exchange coupling and at 

temperatures below 30 K the thermal energy is 

insufficient to overcome this exchange coupling. 

Hence, muscovite is a Curie-Weiss paramagnet 

(see section 2.2.2). 

It is the anisotropy of this exchange coupling 

that is causing the magnetocrystalline 

anisotropy of muscovite. The nature and 

strength of the exchange interactions can be 

investigated by determining empirically the 

paramagnetic Curie temperature (θp), which is 

defined as the zero intercept of the Curie-Weiss 

fit on a plot of the reciprocal susceptibility to 

temperature (Fig. 2.6, section 2.2.2). 

Biedermann et al. [2014] obtained a θp of 5 K 

when the applied field is parallel to the crystal‘s 

basal plane and - 24 K when the applied field is 

perpendicular to the crystal‘s basal plane (Fig. 

5.2). Similar values have been found by Ballet 

and Coey [1982], i.e. θp is 4 K in-plane and –

 21 K perpendicular to the basal plane. So, the 

magnetocrystalline anisotropy of muscovite is 

the result of a ferromagnetic coupling within 

the basal planes and an antiferromagnetic 

coupling between them. 

Biedermann et al. [2014] also measured the 

paramagnetic AMS of three muscovite single 

crystals (5 subsamples) at cryogenic 

temperature (77 K). As the magnetocrystalline 

anisotropy is caused by anisotropy of the 

exchange coupling and this exchange coupling 

is opposed by thermal agitation, that becomes 

less intense with decreasing temperature, the 

magnetocrystalline anisotropy increases with 

decreasing temperature. Schmidt et al. [2007b] 

defined the factor p77 to describe the increase in 

AMS at 77 K compared to room temperature: 

     
        

      
  

                    

               
        [5.2] 

For muscovite, a p77 factor of 7.44 ± 0.53 has 

been obtained [Biedermann et al., 2014]. If a 

rock‘s magnetic susceptibility is dominated by 

muscovite carriers, one can expect the whole 

rock AMS to have a similar p77 factor. Moreover, 

Schmidt et al. [2007b] demonstrated that this 

factor could be used to separate the 

diamagnetic and paramagnetic subfabrics, 

which is vital when measuring magnetic fabrics 

in rocks with a very low magnetic susceptibility, 

e.g. limestones. 

 

Fig. 5.2: Inverse molar susceptibility as a function of 

temperature for muscovite crystal Mu301 in directions 

normal (┴) and parallel (//) to the basal plane [modified 

after Biedermann et al., 2014]. 
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5.2  Chlorite 

Chlorite is a common mineral in (pelitic) 

metamorphic rocks and it is the diagnostic 

mineral of the greenschist facies. It is also a 

common constituent of igneous rocks. It has a 

monoclinic or triclinic 2/m crystal system and its 

structure can be regarded as two sheets of t-o-t 

layers separated by an additional sheet of 

cations octahedrally coordinated by hydroxyls, 

i.e. a brucite type layer [Fig. 5.3, Klein et al., 

2002]. There are multiple variations of the Fe
2+

, 

Fe
3+

, Al
3+

 and Mg
2+

 content within the series as 

well as substitutions or alterations in the layered 

sequence. The general formula for chlorite is 

(Mg,Fe)6(Si,Al,Fe)4O10(OH)8. The presence of 

the Fe
2+

 and Fe
3+

 cations in the chlorite 

structure causes its paramagnetic susceptibility. 

The magnetic anisotropy of chlorite has been 

investigated in a number of studies dealing with 

chlorite single crystals or aggregates of strongly 

aligned grains. Ballet et al. [1985] reported on 

the Curie parameters, i.e. θp and C, of chlorite 

single crystals both parallel and perpendicular to 

the crystal‘s basal plane. Subsequently, the 

magnetic properties of chlorite have been 

investigated in the same studies that dealt with 

muscovite. Borradaile et al. [1987] examined the 

AMS of four single crystals with a low-field 

approach. Next, Borradaile and Werner [1994] 

used a high-field approach to isolate the 

paramagnetic anisotropy. Similar to these 

authors‘ results for muscovite, the obtained AMS  

 

Fig. 5.3: Schematic sketch of the chlorite structure 

[modified after Klein et al., 2002]. 

values for chlorite are very variable and rather 

inconsistent with the crystallographic structure, 

i.e. some samples have a prolate anisotropy and 

about 30 % of the samples show K3 axes that lie 

within the basal plane. It is again the high-field 

approach of Martín-Hernández and Hirt [2003] 

that resulted in well constrained values for the 

paramagnetic, magnetocrystalline anisotropy of 

chlorite, which are consistent with the 

crystallographic structure. Biedermann et al. 

[2014] used the same torque magnetometry 

approach to analyze the magnetic anisotropy of 

chlorite both a room temperature and at low 

temperature (77 K). Both the results of Martín-

Hernández and Hirt [2003] and Biedermann et 

al. [2014] are presented in this work. 

5.2.1 Bulk susceptibility 

The six chlorite single crystals investigated by 

Martín-Hernández and Hirt [2003] show a 

paramagnetic Km that ranges from 195 to 

316 x 10
-6

 [SI], with an average value of 

251 ± 30 x 10
-6

 [SI]. Biedermann et al. [2014] 

obtained similar values, ranging from 233 to 

255 x 10
-6

 [SI] (Error! Reference source not 

ound.). All the analyzed crystals in these two 

studies come from localities in the Swiss Alps 

and chemical analyses of Biedermann et al. 

[2014] show that the Fe-content of these 

particular chlorite crystals is relatively low, i.e. 

max. 4.27 wt % FeO. 

In order to get a more representative range for 

the paramagnetic Km value of chlorite, we 

calculated the MTPS from the FeO, Fe2O3 and 

MnO content of 39 chlorite crystals from 

different localities worldwide [Table 5.3, data 

from Deer et al., 1962]. This results in values 

ranging from 38 to almost 4000 x 10
-6

 [SI]. Note 

that these MTPS values close to 4000 x 10
-6

 [SI] 

are calculated for chlorite crystals with an 

unusual high Mn-content occurring in 

hydrothermal veinlets or manganese ores. The 

highest MTPS value observed from Fe-rich 

chlorite crystals is 2877 x 10
-6

 [SI]. The average 

value of the calculated MTPS is 

1503 ± 1034 x 10
-6

 [SI]. Hence, the large 

variability in Fe content of chlorite causes a 

large spread in paramagnetic Km for this 

mineral. This large range is not reflected in the 

paramagnetic Km values obtained by Martín- 
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Table 5.3: Bulk paramagnetic susceptibility range for 

chlorite. 

 

Avg. ± st. dev. Min Max 

κ
1
 (x 10

-6
 SI) 251 ± 30 195 316 

κ
2
 (x 10

-6
 SI) 240 ± 9 233 255 

FeO (%) 17.29 ± 13.34 0 43.01 

Fe2O3 (%) 3.53 ± 3.86 0 18.97 

MnO (%) 2.32 ± 8.27 0 38.93 

MTPS 

(x 10
-6

 SI) 
1503 ± 1034 38 3995 

κ
1
: data from Martín-Hernández and Hirt [2003]; κ

2
: 

data from Biedermann et al. [2014]. The FeO, Fe2O3 

and MnO content is obtained for 39 chlorite single 

crystals [data from Deer et al., 1962]. The maximum 

theoretical paramagnetic susceptibility (MTPS) is 

calculated from these data using equation [2.13]. 

Note that the maximum value in MTPS is for a Mn-

rich chlorite, for Fe-rich chlorite, the maximum MTPS 

is 2877 x 10
-6

 [SI]. 

Hernández and Hirt [2003] and Biedermann et 

al. [2014] in chlorites from the Swiss Alps. 

5.2.2 Magnetic anisotropy 

Table 5.4 shows the full paramagnetic AMS of 

six chlorite single crystals analyzed by Martín-

Hernández and Hirt [2003] (cut into 

8 subsamples) and four crystals by Biedermann 

et al. [2014] (5 subsamples, Chl6.01 is 

reevaluated) . Both authors found that, except 

for one crystal (Unkno of Biedermann et al. 

[2014]), the paramagnetic AMS is highly 

oblate. The orientation of the AMS ellipsoids is 

consistent with the crystallographic structure of 

chlorite, i.e. the K3 axes are normal to the basal 

plane and sub-parallel with the crystallographic 

c-axis. Note that the exact angular difference is 

not reported. The orientation of K1 and K2 within 

the basal plane could not be established within 

the accuracy of the measurements. Hence, the 

paramagnetic susceptibility of chlorite is 

considered nearly isotropic within the basal 

plane. The degree of anisotropy (PJ) has been 

found to be 1.15 ± 0.04 with a maximum value 

of 1.23 [Martín-Hernández and Hirt, 2003] and 

1.20 ± 0.08 with a maximum value of 1.39 

[Biedermann et al., 2014], respectively. Because 

of the large noise level in the measurements of 

Martín-Hernández and Hirt [personal 

communication Ann M. Hirt], the data of 

Biedermann et al. [2014] are used to define the 

chlorite single crystal tensor for this work. The  

Table 5.4: Magnitudes of the paramagnetic principal 

AMS axes and PJ and T parameters of chlorite. 

 

reported bulk susceptibility and intrinsic 

magnetic anisotropy of the chlorite crystals can 

be summarized in a chlorite single crystal AMS 

tensor, which can be used to calculate the AMS 

of a rock‘s chlorite phase from its (independently 

determined) orientation distribution (see 

section 6.3). In analogy to the muscovite single 

crystal tensor, we use a single crystal tensor 

with an isotropic magnetic susceptibility in the 

basal plane. 

                        
      
      
      

  [5.3] 

5.2.1 Magnetic anisotropy behavior at 

low temperature 

The low temperature behavior of the magnetic 

susceptibility of chlorite, both in-plane and 

perpendicular to it, has been investigated by 

Ballet et al. [1985]. They reported a similar 

behavior of the magnetic susceptibility in 

function of temperature as that of muscovite, i.e. 

initially it follows the Curie-Weiss law and then 

deviates at very low temperatures (Fig. 5.4). The 

θp deduced from fitting the data are 7 K when 

the applied field is parallel to the crystal‘s basal 

plane and – 13 K when the applied field is 

perpendicular to the crystal‘s basal plane. So, 

the magnetocrystalline anisotropy of chlorite is  

Name k 1
para

k 2
para

k 3
para

P j
para

T
para

Chl1.01 1.046 1.041 0.912 1.17 0.93

Chl1.02 1.034 1.029 0.938 1.12 0.90

Chl2.01 1.031 1.031 0.938 1.12 0.99

Chl3.01 1.059 1.058 0.883 1.23 0.99

Chl4.01 1.037 1.037 0.925 1.14 0.99

Chl5.01 1.040 1.039 0.921 1.15 0.99

Chl5.02 1.044 1.039 0.917 1.16 0.93

Chl6.01 1.042 1.034 0.923 1.15 0.87

mean
1.04 ± 

0.01

1.04 ± 

0.01

0.92 ± 

0.02

1.15 ± 

0.04

0.95 ± 

0.05

Chl6.01 1.044 1.042 0.913 1.17 0.97

Nzer1 1.048 1.037 0.915 1.16 0.84

Nzer2 1.041 1.033 0.926 1.14 0.87

Zer3 1.041 1.034 0.925 1.14 0.89

Unkno 1.123 1.054 0.822 1.39 0.59

mean
1.06 ± 

0.04

1.04 ± 

0.01

0.90 ± 

0.04

1.20 ± 

0.11

0.83 ± 

0.14
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Fig. 5.4: Inverse molar susceptibility as a function of 

temperature for chlorite (IIb polytype, clinochlore) in 

directions normal (┴) and parallel (//) to the basal 

plane [modified after Ballet et al., 1985]. 

the result of a ferromagnetic coupling within 

the basal planes and an antiferromagnetic 

coupling between them. By measuring the low 

temperature AMS of four chlorite single crystals 

(5 subsamples) Biedermann et al. [2014] 

obtained a p77 factor of 7.03 ± 0.25 for chlorite. 

5.3  Chloritoid 

Chloritoid is a relatively common mineral in 

aluminium-rich, metapelitic rocks both from 

lower-greenschist to amphibolite facies 

conditions and from HP blueschist to eclogite 

facies conditions. It is a hydrous Fe-Al 

nesosilicate mineral with an ideal formula of 

Fe2Al4O2(SiO4)2(OH)4. Chloritoid has a 

monoclinic 2/m crystal system. It has a layered 

structure consisting of two different octahedral 

layers and sheets of isolated SiO4 tetrahedra 

(Fig. 5.5(b)) [Klein et al., 2002]. Octahedral layer 

I (Brucite type) consists of two planes of O
2-

 and 

(OH)
-
2 with Fe

2+
 in two-thirds of the octahedral 

sites and Al
3+

 in the remaining octahedral sites. 

Mg
2+

 and Mn
2+

 may replace up to about 68 % 

and 50 % of the Fe
2+

, respectively, although 

most of the chloritoid is relatively Fe-rich. 

Octahedral layer II (Corundum type) consists of 

two planes of O
2-

 with three-fourths of the 

octahedral sites occupied by Al
3+

 or Fe
3+

. This 

makes the structure of chloritoid very similar to 

that of the phyllosilicates, except for the SiO4 

tetrahedra, which are not bound together as in 

the case of the phyllosilicates. Crystals are 

usually platy, parallel to (001) with a roughly 

hexagonal basal section. 

To our knowledge, there are no detailed studies 

that deal with the magnetic properties of 

chloritoid. Therefore, a set of chloritoid single 

crystals has been collected from various 

personal and museum collections. Because 

natural single crystals often contain 

ferromagnetic (s.l.) impurities, e.g. Borradaile 

[1994], Lagroix and Borradaile [2000], Feinberg 

et al. [2005], it is important to use an approach 

that allows the isolation of the paramagnetic, 

magnetocrystalline anisotropy. Therefore, we 

have used a similar approach as that performed 

on the whole-rock samples. The results of the 

magnetic analyses performed on these crystals 

have been published in Haerinck et al. [2013]. 

 

Fig. 5.5: (a) Monoclinic chloritoid crystal showing the arrangement of the crystallographically controlled principal 

susceptibility axes. (b) Projection of the chloritoid structure on (010) [modified after Klein et al., 2002]. 
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5.3.1 The investigated single crystals 

A collection of seven chloritoid single crystals 

(Ctd01 - Ctd07) has been analyzed. The crystals 

have been cut into 18 cubic specimens with 

variable dimensions, ranging from 2 mm to 

7.15 mm (overview in Table 5.5). The 

specimens are oriented with the x and y 

directions chosen arbitrarily and perpendicular 

to each other within the basal plane, and the z 

direction perpendicular to the basal plane. After 

the analyses, a smaller ‗daughter‘ specimen 

(denoted with an asterisk) is cut from five 

relatively large specimens, i.e. Ctd01A
*
, 

Ctd01B
*
, Ctd05A

*
, Ctd05B

*
 and Ctd07A

*
. These 

daughter specimens will be analyzed in order to 

assess the accuracy of the approach. The 

crystals originate from five different localities: 

 Ctd01 and Ctd02 are from Ness of 

Hillswick in the northwest Shetland 

Mainland, UK. The crystals are a 

constituent of metapelites from the Early 

Neoproterozoic Sand Voe group, which can 

be correlated to the Moine metasedimens 

in Scotland, UK. Chloritoid was formed due 

to Caledonian Barrovian type 

metamorphism in upper-greenschist facies 

conditions [Fettes, 1979]; 

 Ctd03 is taken from Carboniferous 

metapelites of the Narragansett basin in 

Natick, Rhode Island, USA. Similar to 

Table 5.5: Overview of the investigated chloritoid single crystals and the specimens cut from them. 

Name Locality  
Dim ┴ BP 

(mm) 
Dim ║ BP (mm) 

Volume 
(mm³) 

Mass (g) Density 

CCttdd0011AA  

Ness of 
Hillswick, 

Shetland (U.K.) 

4.75 4.75 4.9 110.56 0.373 3.374 

CCttdd0011AA**  3.75 3.79 3.83 54.43 0.180 3.307 

CCttdd0011BB  4.45 4.50 4.55 91.11 0.323 3.545 

CCttdd0011BB**  3.55 3.65 3.45 44.70 0.156 3.490 

CCttdd0011CC  2.55 2.50 2.55 16.26 0.061 3.752 

CCttdd0022AA  
Ness of 

Hillswick, 
Shetland (U.K.) 

2.70 2.90 2.95 23.10 0.082 3.550 

CCttdd0033AA  
Natick, Rhode 
Island (U.S.A.) 

1.95 1.90 2.00 7.41 0.029 3.914 

CCttdd0044AA  Sierra de los 
Filabres, 

Andalucia 
(Spain) 

3.00 3.00 2.70 24.30 0.084 3.457 

CCttdd0044BB  2.70 2.30 2.60 16.15 0.059 3.654 

CCttdd0044CC  2.55 2.70 2.60 17.90 0.070 3.910 

CCttdd0055AA  

Saint-Marcel, 
Valle d'Aosta 

(Italy) 

7.15 7.05 7.05 355.37 1.218 3.427 

CCttdd0055AA**  3.82 3.93 3.71 55.70 0.191 3.429 

CCttdd0055BB  6.45 6.60 6.45 274.58 0.945 3.442 

CCttdd0055BB**  2.75 3.00 2.75 22.69 0.084 3.702 

CCttdd0055CC  3.25 3.20 3.20 33.28 0.115 3.456 

CCttdd0066AA  

Saint-Marcel, 
Valle d'Aosta 

(Italy) 

3.49 3.39 3.53 41.76 0.137 3.280 

CCttdd0066BB  3.84 3.66 4.03 56.64 0.194 3.423 

CCttdd0066CC  3.58 4.04 3.36 48.60 0.164 3.375 

CCttdd0066DD  4.17 4.28 3.95 70.50 0.248 3.518 

CCttdd0077AA  

Île de Groix, 
Brittany (France) 

5.30 5.30 5.35 150.28 0.532 3.540 

CCttdd0077AA**  3.30 3.25 3.25 34.86 0.116 3.328 

CCttdd0077BB  2.80 3.10 3.10 26.91 0.100 3.716 

CCttdd0077CC  3.00 3.10 3.10 28.83 0.103 3.573 

The specimens denoted with an asterisk(*) are daughter specimens cut from the original one in order to analyze 
the accuracy of our approach. Abbreviations: Dim ┴ and || - crystal dimensions perpendicular and parallel to the 
basal plane. 
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Ctd01 and Ctd02, it was formed due to 

Barrovian type metamorphism in upper-

greenschist facies conditions, associated 

with the Alleghanian orogeny [Murray et al., 

2004]; 

 Ctd04 is from Permian metapelites of the 

Sierra de los Filabres, Andalucia, Spain. 

Neoformation of the chloritoid crystals was 

due to greenschist facies Alpine 

metamorphism [Vissers, 1977]; 

 Ctd05 and Ctd06 originate from the village 

of St. Marcel in the Aosta valley, Italy, and 

occur in hydrothermally altered metabasalts 

of the Zermatt-Saas ophiolite. The ophiolite 

has been subjected to subduction related 

HP-metamorphism in eclogite facies 

conditions (21 ± 3 kbar, 550°C) during the 

Alpine orogeny [Angiboust et al., 2009]; 

 Ctd07 is from Île de Groix, France. It 

occurs in micaschists and metabasites with 

an Ordovician protolith age, that have been 

subjected to Variscan, blueschist facies 

HP-metamorphism (18 ± 2 kbar, 500°C) 

[Bosse et al., 2002]. 

5.3.2 Methodology of the chloritoid 

analysis 

The magnetic anisotropy of the crystals has 

been determined using the same two high-field 

approaches that are performed on the whole-

rock samples, i.e. the VSM approach using 

directional magnetic hysteresis measurements 

and the torque approach (see section 3.2.3). 

Also remanence experiments (i.e. AF 

demagnetization and low temperature saturation 

remanence behavior, see section 3.3) are 

performed on the chloritoid single crystals in 

order to identify the possible ferromagnetic (s.l.) 

inclusions. 

In addition to the techniques described in 

chapter 3, the low temperature behavior of the 

magnetic susceptibility of chloritoid has been 

analyzed. This is done for two specimens with 

an in-plane (
||
) applied field (Ctd01C and 

Ctd06D) and for one specimen with an applied 

field perpendicular (
┴
) to the basal plane 

(Ctd01C). These measurements are used to 

empirically define θp
||
 and C

||
, and θp

┴
 and C

┴
, 

respectively. First, κ
hf
 is analyzed as a function 

of temperature by performing hysteresis 

measurements at 18 discrete temperatures 

between 300 K and 10 K. The hysteresis 

measurements were carried out with a Quantum 

Design MPMS2 SQUID magnetometer at the 

Institute of Rock Magnetism of the University of 

Minnesota, using a maximum applied field of 

2.5 T and 50 mT increments. κ
hf
 is then defined 

for each temperature as the high-field slope of 

the hysteresis loop. A plot of the reciprocal κ
hf
 to 

temperature allows the derivation of C, i.e. the 

reciprocal of the slope of the Curie-Weiss fit, 

and θp, i.e. the temperature-axis intercept of the 

Curie-Weiss fit (similar to Fig. 5.2 for muscovite 

and Fig. 5.4 for chlorite). 

Finally, for three specimens, i.e. Ctd04A, 

Ctd05A and Ctd06C, the paramagnetic 

anisotropy is also determined at 77 K using the 

torque approach. This was achieved by fitting a 

cryostat between the poles of the electromagnet 

of the torque magnetometer (see Fig. 3.4), so 

that the crystal was immersed in liquid nitrogen 

during the measurement [cf. Schmidt et al., 

2007b]. The contribution of the cryostat and 

sample holder was corrected for by measuring 

the empty set-up and subtracting its signal from 

the data. As the bulk paramagnetic susceptibility 

is not determined at 77 K, only the deviatoric 

susceptibility tensor can be defined from the 

data. The degree of paramagnetic anisotropy is 

therefore defined as δk = ΔK1 – ΔK3. By 

calculating the same parameter from the room 

temperature torque data of the corresponding 

crystal, the p77 factor of Schmidt et al. [2007b] 

can be defined using [eq. 3.2]. 

5.3.3 Magnetic remanence 

experiments 

All specimens show a measurable magnetic 

remanence, and thus contain ferromagnetic (s.l.) 

inclusions. Appendix 4 gives an overview of the 

results of the magnetic remanence experiments 

and a hysteresis loop for all 18 chloritoid 

specimens. For most specimens, the 

remanence is relatively weak with a 1 T IRM 

generally below 220 x 10
-6

 Am
2
/kg. Three 

specimens (Ctd05C, Ctd06A and Ctd07B) have 

a slightly higher 1 T IRM with values between 

422 and 672 x 10
-6

 Am
2
/kg. Ctd05A and Ctd05B 

and especially Ctd07A show a clearly more 

pronounced magnetic remanence with a 1 T 

IRM of 4351 and 3256 x 10
-6

 Am
2
/kg for the 
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Fig. 5.6: (a-c) Alternating field demagnetization of a 1 T isothermal remanent magnetization (IRM) – black curve – 

and a 200 mT anhysteretic remanent magnetization (ARM) – grey curve. The median destructive field of the IRM 

and ARM (MDF
IRM

, MDF
ARM

) and the initially induced IRM (Mr,max) are indicated. (d-f) The black curves are the 

measured magnetic hysteresis in the y direction of the specimen, i.e. within the basal plane. The grey curves 

show the ferromagnetic loops, obtained after paramagnetic correction. 

Ctd05 specimens and 26224 x 10
-6

 Am
2
/kg for 

Ctd07A. 

The IRM demagnetization curves of Ctd05A and 

Ctd05B show an initially steep drop with half the 

original magnetization already lost after a 13 

and 16 mT demagnetization, respectively, i.e. 

the median destructive field (MDF) (Fig. 5.6(a-

b)). Demagnetization of the ARM shows a very 

similar pattern and MDF. The IRM 

demagnetization of Ctd07A shows a more 

moderate drop with a MDF of 54 mT (Fig. 

5.6(c)). The induced ARM is very low and the 

ARM demagnetization curve is dominated by 

noise (not shown in the figure). The hysteresis 

loop of specimens Ctd05A and Ctd05B contains 

a strong paramagnetic component, but with a 

clear deviation from the linear trend around the 

zero field (Fig. 5.6(d-e)). The ferromagnetic loop 

is characterized by a small difference between 

the upper and lower hysteresis branch. The 

coercivity of the ferromagnetic (s.l.) phase is 

relatively low, i.e. 7 mT and 12 mT, respectively, 

just as the ratio of Mr to Ms, i.e. 0.07 and 0.10, 

respectively. These observations indicate a soft 

ferromagnetic (s.l.) phase. Also specimen 

Ctd07A shows a composite hysteresis loop 

arising from both a paramagnetic and a 

ferromagnetic (s.l.) component (Fig. 5.6(f)). For 

this specimen, the difference between the upper 

and lower hysteresis branch is somewhat larger 

as evidenced by its coercivity and Mr to Ms ratio, 

i.e. 40 mT and 0.26, respectively, indicating a 

relatively harder ferromagnetic (s.l.) phase 

compared to the Ctd05 specimens. For all other 

specimens, the demagnetization curves fall 

relatively fast in the noise level, often already at 

0.20 Mr/Mrmax for the IRM demagnetization and 

immediately at Mrmax for the ARM 
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Fig. 5.7: Results of the low-temperature cycling of saturation isothermal remanent magnetization (SIRM) acquired 

at room temperature in a field of 2.5 T. The remanence upon cooling is shown in black and that upon reheating in 

grey. 

demagnetization, for which only an inducing field 

of 200 mT could be used. Also the 

ferromagnetic hysteresis loops (obtained after 

paramagnetic correction) have a low 

signal/noise ratio (figures in Appendix 4). This 

leaves the low-temperature cycling of the SIRM, 

measured on the more sensitive SQUID 

magnetometer (see section 3.3.2), as the best 

tool to characterize the ferromagnetic 

mineralogy for these specimens. 

The specimens of crystals Ctd01, Ctd02, Ctd03, 

Ctd04, Ctd05 and Ctd06 all show a very similar 

behavior of the RT-SIRM during low 

temperature cycling, although the magnitude of 

the remanence can vary. During cooling, a 

significant loss in remanence takes place 

roughly between 200 K and 100 K. At very low 

temperatures, from 100 K to 10 K, the 

remanence may drift a bit, either with a positive 

or a negative trend, due to additional 

(paramagnetic) magnetization induced by an 

imperfect zero field in the MPMS. Upon 

reheating, the remanence is more or less 

reversible until approximately 100 to 130 K; from 

then onwards a clear loss in remanence with 

respect to the situation during cooling, is 

apparent (Fig. 5.7(a-c)). The amount of recovery 

of the remanence lost upon cooling ranges 

between 30 % and 50 %. For specimen Ctd01C, 

the thermal demagnetization to room 

temperature of a low-temperature FC and ZFC 

remanence are compared (Fig. 5.8(a)). The FC 

remanence is slightly stronger at low 

temperature: the FC/ZFC ratio at 10 K is 1.26. 

Upon heating the difference gradually decreases 

and disappears around 120 K. The remanence 

behavior at low temperature of these specimens 

is indicative for the presence of magnetite, 

which goes through the Verwey phase transition 

at approximately TV ~ 120K (see Box 1). The 
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Fig. 5.8: Comparison of thermal demagnetization of a 2.5 T SIRM acquired at 10 K, i.e. zero field cooling (ZFC), 

shown as the grey curve, to the demagnetization of a 2.5 T SIRM acquired during cooling from room temperature 

to 10 K, i.e. field cooling (FC), shown as the black curve. 

RT-SIRM cooling curve of specimen Ctd04B 

also shows a pronounced drop at 35-30 K, 

which breaks the positive trend that likely arises 

from magnetization induced by an imperfect 

zero field (Fig. 5.7(c)). This drop indicates the 

presence of pyrrhotite that goes through the 

Besnus phase transition at 32 K [Fillion and 

Rochette, 1988]. Ctd04B is the only specimen 

that shows this phenomenon. 

The specimens of crystal Ctd07 show a 

completely different behavior of the RT- SIRM 

during low-temperature cycling. The remanence 

is inversely related to temperature: upon cooling 

from 300 K to 10 K the remanence increases by 

a factor of 4 to 6. The remanence decreases 

perfectly reversible upon reheating back to room 

temperature for specimen Ctd07B (Fig. 5.7(d)) 

and up to approximately 130 K for specimens 

Ctd07A and Ctd07C. From these temperatures 

onwards, a slightly lower remanence is 

observed compared to the situation before 

cooling. Comparison of the thermal 

demagnetization to room temperature of low-

temperature FC and ZFC remanence for 

specimen Ctd07B shows a FC/ZFC remanence 

ratio at 10 K of 2 that gradually decreases upon 

heating but that is persistent up to 300 K (Fig. 

5.8(b)). This behavior is indicative of goethite, 

which is far from being saturated by the 2.5 T 

field (see Box 1). The small remanence 

difference between the cooling and heating 

curve for specimens Ctd07A and Ctd07C above 

TV indicates that also some magnetite is present 

in these specimens. 

Magnetic remanence experiments reveal that 

ferromagnetic (s.l.) impurities, consisting of 

magnetite, are present in the specimens of 

crystals Ctd01, Ctd02, Ctd03, Ctd04, Ctd05 

and Ctd06. Specimen Ctd04B also seems to 

contain some pyrrhotite. The low Mr/Ms ratio 

and coercivity obtained from the ferromagnetic 

hysteresis loops of the Ctd05 specimens are 

indicative of multidomain magnetite. Magnetite 

is a relatively soft ferrimagnetic mineral, 

especially when it consists of multidomain 

particles and also a major part of pyrrhotite gets 

magnetized in a field of 600 mT [Peters and 

Dekkers, 2003]. Hence, the high-field approach 

allows the separation of the paramagnetic, 

magnetocrystalline anisotropy of chloritoid from 

the contribution of the ferromagnetic (s.l.) 

impurities. For the three specimens of crystal 

Ctd07, the magnetic remanence experiments 

show the presence of goethite. Because 

goethite is a hard, antiferromagnetic mineral that 

does not reach saturation in a field of 1 T 

[Peters and Dekkers, 2003], the goethite 

impurities will contribute to κ
hf
 and the HF-AMS 

does not uniquely reflect the magnetocrystalline 

anisotropy of chloritoid. However, the goethite-

bearing Ctd07 specimens do show similar Km
hf
, 

PJ
VSM/torque

 and T
VSM/torque

 values as the other 

specimens (see Table 5.6, Table 5.8). This may 

suggest that a major part of the goethite 

impurities do saturate and will not contribute to 

the paramagnetic contribution. Nevertheless, we 

have chosen not to use the Ctd07 specimens for 

determining the magnetocrystalline anisotropy of  
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chloritoid. So, the Ctd07 specimens are not 

incorporated in the calculation of the mean AMS 

parameters shown in Table 5.8. 

5.3.4 Bulk susceptibility 

The high-field analysis of the paramagnetic 

susceptibility of chloritoid crystals Ctd01 to 

Ctd06 ranges from 1398 to 2612 x 10
-6

 [SI], with 

an average value of 1726 ± 301 x 10
-6

 [SI] 

(Table 5.6). 

A calculation of the MTPS from the Fe, Fe2O3 

and MnO content of 35 chloritoid crystals from 

different localities worldwide [Deer et al., 1982] 

results in values ranging from 858 to 

2453 x 10
-6

 [SI], with an average value of 

1863± 329 x 10
-6

 [SI] (Table 5.7). These 

calculated values agree with our analytical 

results. 

The analysis of the paramagnetic susceptibility 

of the five daughter specimens shows very 

similar values of Km
hf
 with respect to the mother 

specimen, respectively. The average difference 

is only 26 ± 14 x 10
-6

 [SI]. This suggests that the 

Fe
2+/3+

 and Mn
2+

 cations are distributed rather 

homogeneously in the crystals. Hence, the bulk 

susceptibility measurements of the small, cubic 

specimens are representative for the chloritoid 

crystals. 

5.3.5 Magnetic anisotropy 

The magnitude of the principal axes, the PJ and 

T parameter and the angle between K3 and the 

basal plane, I-K3, of the paramagnetic 

HF-AMS
VSM

 are listed in Table 5.8. The 

HF-AMS
VSM

 ellipsoids show a very oblate shape 

with most specimens having a T
VSM

 value above 

0.90. PJ
VSM

 ranges between 1.34 and 1.54. 

There are notable differences in PJ
VSM

 from 

crystal to crystal. The specimen of crystal Ctd02 

and Ctd03 have a lower PJ
VSM

 value than the 

specimens from the other crystals. Those of 

crystals Ctd04, and to a lesser extent Ctd01, 

have a somewhat higher PJ
VSM

 than the average 

value. As for the orientation of the high-field 

principal susceptibility axes: I-K3
VSM

 shows an 

average value of 85 ± 02. This means that K1
VSM

 

and K2
VSM

 are roughly contained within the basal 

plane and K3
VSM

 is approximately normal to 

the basal plane (Fig. 5.5(a)). 

Table 5.6: Paramagnetic bulk susceptibility of the 

chloritoid single crystals. 

Name 
Bulk Susceptibility 

χ
hf

 [m
3
/kg] Km

hf
 [SI] 

CCttdd0011AA  44..114444EE--77  11339988  xx  1100
--66

  

CCttdd0011AA**  44..332200EE--77  11442299  xx  1100
--66

  

CCttdd0011BB  44..225544EE--77  11550088  xx  1100
--66

  

CCttdd0011BB**  44..119922EE--77  11446633  xx  1100
--66

  

CCttdd0011CC  44..223311EE--77  11558877  xx  1100
--66

  

CCttdd0022AA  44..550044EE--77  11559999  xx  1100
--66

  

CCttdd0033AA  66..667755EE--77  22661122  xx  1100
--66

  

CCttdd0044AA  55..339944EE--77  11886655  xx  1100
--66

  

CCttdd0044BB  44..551166EE--77  11665500  xx  1100
--66

  

CCttdd0044CC  55..552299EE--77  22116622  xx  1100
--66

  

CCttdd0055AA  44..444488EE--77  11552255  xx  1100
--66

  

CCttdd0055AA**  44..337755EE--77  11550088  xx  1100
--66

  

CCttdd0055BB  44..440099EE--77  11551177  xx  1100
--66

  

CCttdd0055BB**  44..111177EE--77 11552244  xx  1100
--66

  

CCttdd0055CC  44..557700EE--77  11557799  xx  1100
--66

  

CCttdd0066AA  44..556655EE--77  11555511  xx  1100
--66

  

CCttdd0066BB  44..665511EE--77  11559922  xx  1100
--66

  

CCttdd0066CC  44..665588EE--77  11557722  xx  1100
--66

  

CCttdd0066DD  44..665588EE--77  11665511  xx  1100
--66

  

CCttdd0077AA  55..110033EE--77  11880066  xx  1100
--66

  

CCttdd0077AA**  55..333399EE--77  11777777  xx  1100
--66

  

CCttdd0077BB  55..446655EE--77  22003311  xx  1100
--66

  

CCttdd0077CC  55..339933EE--77  11992277  xx  1100
--66

  

mmeeaann  
44..884433EE--77  11772266  xx  1100

--66
  

±±  00..6644EE--77  ±±  330011  xx  1100
--66

  

Abbreviations: Χ
hf

 - paramagnetic mass susceptibility; 

Km
hf

 - paramagnetic volume susceptibility. 

Table 5.7: Bulk paramagnetic susceptibility range for 

chloritoid obtained from chemical data. 

 

Avg. ± st. dev. Min. Max. 

FeO (%) 20.48 ± 5.29 7.70 27.06 

Fe2O3 (%) 2.18 ± 1.99 0 9.00 

MnO (%) 1.46 ± 3.60 0 16.20 

MTPS 
(x 10

-6
 SI) 

1863 ± 329 858 2453 

The FeO, Fe2O3 and MnO content is obtained from 35 

chloritoid single crystals [data from Deer et al., 1982]. 

The maximum theoretical paramagnetic susceptibility 

(MTPS) is calculated from this data using equation 

[2.13]. 
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Table 5.8: Paramagnetic high-field AMS properties (VSM and torque approach) of the chloritoid crystals. 

Name 
HF-AMS

VSM
 HF-AMS

Tor.
 

K1
VSM

 K2
VSM

 K3
VSM

 PJ
VSM

 T
VSM

 I-K3
VSM

 K1
Tor.

 K2
Tor.

 K3
Tor.

 PJ
Tor.

 T
Tor.

 I-K3
Tor.

 

CCttdd0011AA  1.117 1.108 0.776 11..5522  0.95 86°             

CCttdd0011AA**  1.112 1.104 0.784 11..4499  0.96 86° 1.114 1.106 0.781 1.50 0.96 83° 

CCttdd0011BB  1.111 1.106 0.782 11..5500  0.97 85°   
  

  

  

CCttdd0011BB**  1.113 1.104 0.783 11..4499  0.95 82° 1.107 1.100 0.794 1.46 0.96 88° 

CCttdd0011CC  1.116 1.106 0.778 11..5511  0.95 86° 1.114 1.103 0.783 1.49 0.94 90° 

CCttdd0022AA  1.102 1.074 0.824 11..3388  0.82 86° 1.106 1.071 0.822 1.39 0.78 89° 

CCttdd0033AA  1.081 1.079 0.840 11..3344  0.98 85° 1.084 1.077 0.838 1.34 0.95 88° 

CCttdd0044AA  1.123 1.110 0.767 11..5544  0.94 88° 1.122 1.110 0.768 1.54 0.94 89° 

CCttdd0044BB  1.117 1.110 0.773 11..5533  0.97 88° 1.116 1.111 0.773 1.52 0.98 88° 

CCttdd0044CC  1.120 1.111 0.769 11..5544  0.96 88° 1.114 1.112 0.774 1.52 0.99 87° 

CCttdd0055AA  1.113 1.099 0.787 11..4488  0.93 88°   
  

  

  

CCttdd0055AA**  1.108 1.101 0.791 11..4477  0.96 86° 1.108 1.102 0.789 1.48 0.97 82° 

CCttdd0055BB  1.104 1.097 0.799 11..4455  0.96 85°   
  

  

  

CCttdd0055BB**  1.102 1.083 0.815 11..4466  0.89 82° 1.100 1.087 0.813 1.41 0.92 83° 

CCttdd0055CC  1.120 1.103 0.777 11..5511  0.92 83° 1.110 1.106 0.783 1.49 0.98 85° 

CCttdd0066AA  1.112 1.103 0.785 11..4499  0.95 79° 1.109 1.101 0.790 1.47 0.96 77° 

CCttdd0066BB  1.108 1.077 0.815 11..4411  0.82 86° 1.112 1.080 0.807 1.43 0.82 85° 

CCttdd0066CC  1.113 1.108 0.779 11..5511  0.97 85° 1.113 1.105 0.783 1.50 0.96 84° 

CCttdd0066DD  1.120 1.107 0.772 11..5533  0.94 85° 1.120 1.113 0.766 1.54 0.97 83° 

CCttdd0077AA  1.113 1.093 0.795 11..4466  0.89 86°   
  

  

  

CCttdd0077AA**  1.110 1.099 0.791 11..4466  0.94 80° 1.105 1.094 0.800 1.44 0.94 86° 

CCttdd0077BB  1.110 1.099 0.791 11..4477  0.94 73° 1.108 1.100 0.791 1.47 0.96 76° 

CCttdd0077CC  1.107 1.100 0.793 11..4466  0.97 83° 1.106 1.100 0.795 1.46 0.97 79° 

mmeeaann  
1.111 1.100 0.789 11..4488  00..9944  8855  1.110 1.099 0.791 1.47 0.94 85° 

±0.010 ±0.013 ±0.022 ±±00..0066  ±±00..0055  ±±  22°°  ±0.009 ±0.013 ±0.021 ±0.06 ±0.06 ± 4° 

The left part of the table shows the data obtained by the VSM approach, the right part shows the data obtained by 
the torque approach combined with the Km

hf
 value of the VSM approach. The mean values of the different 

parameters are calculated using crystals Ctd01 – Ctd06 and discarding crystal Ctd07. K1, K2 and K3 are the 
principal magnetic susceptibilities, PJ is the corrected degree of anisotropy, T is the shape parameter and I-K3 is 
the inclination between K3 and the basal plane. 

The highly oblate high-field anisotropy, 

T
VSM

 = 0.94±0.05, and the direction of K1
VSM

 and 

K2
VSM

 within the basal plane suggest a quasi 

isotropic susceptibility within the basal plane. In 

order to check this in more detail, κ
hf
 has been 

determined as a function of orientation within the 

basal plane, with measurements every 10°, and 

this for all specimens. The maximum deviation 

of κ
hf
 from the mean value for the basal plane 

(i.e. the radius of a best-fit circle) ranges 

between 0.74 %, i.e. specimen Ctd06C, and 

2.81 %, i.e. specimen Ctd02A (Table 5.9). It is 

not possible to distinguish whether this deviation 

is due to a magnetic anisotropy within the basal 

plane or to a misorientation during cutting the 

specimen and/or placing it in the VSM. 

However, any anisotropy in the basal plane 

must be very small, i.e. not more than a few  
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Table 5.9: Paramagnetic susceptibility in the 

chloritoid basal plane. 

Name Mean BP-κ
hf 

[SI] Max. deviation 

Ctd01A 1507 x 10
-6

 1.19 % 

Ctd01B 1592 x 10
-6

 2.07 % 

Ctd01C 1780 x 10
-6

 1.41 % 

Ctd02A 1757 x 10
-6

 2.81 % 

Ctd03A 2845 x 10
-6

 1.35 % 

Ctd04A 2080 x 10
-6

 1.30 % 

Ctd04B 1842 x 10
-6

 1.53 % 

Ctd04C 2387 x 10
-6

 1.37 % 

Ctd05A 1721 x 10
-6

 2.14 % 

Ctd05B 1673 x 10
-6

 2.51 % 

Ctd05C 1779 x 10
-6

 1.60 % 

Ctd06A 1683 x 10
-6

 2.15 % 

Ctd06B 1757 x 10
-6

 2.42 % 

Ctd06C 1747 x 10
-6

 0.74 % 

Ctd06D 1914 x 10
-6

 1.39 % 

Ctd07A 1987 x 10
-6

 1.95 % 

Ctd07B 2240 x 10
-6

 2.03 % 

Ctd07C 2128 x 10
-6

 1.09 % 

Mean BP-κ
hf

 is the mean high-field paramagnetic 
susceptibility obtained by measuring κ

hf
 with 10° 

increments in the basal plane (i.e. 36 measurements); 
Max. deviation is the maximum deviation of the mean 
value displayed by a single measurement in the basal 
plane. 

percent. The κ
hf
 measurements in function of 

orientation within the basal plane, together with 

a plot showing the residual value between the 

best-fit circle and the measured κ
hf
 in function of 

the orientation within the basal plane, are shown 

in Appendix 5. 

In order to test the accuracy of our approach, 

we performed two extra analyses. 

Firstly, for five crystals the HF-AMS
VSM

 was 

reevaluated on a daughter specimen cut out 

of the original specimen (denoted with an 

asterisk in Table 5.8). Comparing these results 

to values of the original specimens, gives an 

estimate of the error due to shape effects and 

slight misorientations with respect to the basal 

plane of the cubic specimens. The obtained 

differences between original and daughter 

specimen in K1
VSM

, K2
VSM

 and K3
VSM

, and 

consequently also PJ
VSM

 and T
VSM

, are very 

small. For PJ
VSM

, the largest difference occurs in 

Ctd01A, i.e. ΔPJ = 0.025, and on average the 

difference is only 0.01. For T
VSM

, the largest 

difference occurs in Ctd05B, i.e. 0.069, and on 

average the difference is only 0.04. Also, the 

orientation of the HF-AMS
VSM

 is very consistent 

in the original and daughter specimens, i.e. the 

largest difference in I-K3
VSM

 is 6°, and on 

average it is only 3°. So, the analysis of the 

daughter specimens indicates that the obtained 

HF-AMS
VSM

 results are not significantly biased 

by shape effects or orientation irregularities. 

Secondly, for all remaining original crystals and 

the five daughter specimens, the paramagnetic 

anisotropy has been reevaluated using an 

independent high-field approach, i.e. the 

torque approach. The obtained magnitudes for 

the principal axes (K1
torque

, K2
torque

 and K3
torque

), 

the PJ
torque

 and T
torque

 parameter and I-K3
torque

 are 

listed in Table 5.8. The HF-AMS
torque

 ellipsoids 

have a high degree of anisotropy (i.e. PJ
torque

 

values range between 1.34 and 1.54), are very 

oblate (i.e. most specimens have a T
torque

 value 

above 0.90) and are roughly parallel to the basal 

plane (i.e. I-K3
torque

 shows an average value of 

85° ± 4°). Fig. 5.9 shows the results of the high-

field torque analysis for representative specimen 

Ctd01A*. The relatively high amplitude of the 

torque function for rotation positions 1 and 2 

indicates a strong tendency of the specimen to 

rotate itself with the easy axis parallel to the 

applied field at these measurement positions, 

i.e., those with an angle of 45° between the 

inducing field and the specimen‘s basal plane. A 

detailed overview of the torsion measurements 

and the obtained deviatoric tensors of the 

paramagnetic contribution is given in 

Appendix 6. The absolute difference between 

both HF-AMS approaches is generally very low. 

For PJ, there is a maximum difference of 0.05 

and on average the difference between PJ
VSM

 

and PJ
torque

 is only 0.01. For T, the maximum 

difference is 0.06 and on average the difference 

between T
VSM

 and T
torque

 is 0.02. Finally, the 

orientation of K3 differs maximum 6° between 

both approaches and on average the difference 

is only 3°. The fact that both approaches deliver 

mutually very consistent results indicates that 

the obtained HF-AMS truly reflects the 

magnetocrystalline anisotropy of the chloritoid 

single crystals. 

In summary, the obtained paramagnetic degree 

of anisotropy of chloritoid is PJ = 1.47 ± 0.06 

with some differences between the crystals, and 

the shape of the high-field susceptibility ellipsoid 

is highly oblate with T = 0.94 ± 0.06 (average 

values of both approaches). The obtained data 

can be summarized in a chloritoid AMS tensor, 
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Fig. 5.9: Results of the high-field torque analysis for chloritoid specimen Ctd01A*. Rotation positions 1 and 2 

(around an orthogonal axis in the basal plane) show a well-defined periodical function with maximum and 

minimum values at approximately 45°, 135°, 225°, and 315°, i.e., when the angle between the inducing field and 

the specimen‘s basal plane is 45°. Rotation position 3 (around the orthogonal axis perpendicular to the basal 

plane) shows hardly any torque signal. The plot on the right shows the amplitude of the periodical torque function 

as a function of the inducing magnetic field squared (B
2
) for the three measurement positions. The calculated 

deviatoric eigenvalues (ΔK1, ΔK2, and ΔK3), i.e., the absolute difference between the mean susceptibility and the 

principal susceptibilities, are given on the far right. 

which can be used to calculate the AMS of a 

rock‘s chloritoid phase from its (independently 

determined) orientation distribution (see 

section 6.3). In analogy to the muscovite and 

chlorite single crystal tensor, and because the 

orientation of K1 and K2 within the basal plane 

could not be established, we use a single crystal 

tensor with an isotropic magnetic susceptibility 

in the basal plane: 

                        
      
      
      

  [5.4] 

5.3.6 Anisotropy of the isothermal 

remanent magnetization 

The VSM approach also allowed us to 

determine the anisotropy of the isothermal 

remanent magnetization (AIRM). The obtained 

AIRM solely arises from the ferromagnetic (s.l.) 

minerals, i.e. magnetite for crystal Ctd01 to 

Ctd06 and goethite for crystal Ctd07. However, 

only four specimens show ferromagnetic loops, 

which are obtained by subtracting the linear fit of 

the high-field part of the loop from the measured 

data, that have a signal to noise ratio of at least 

10. Therefore, the AIRM is only calculated for 

these four specimens, the three specimens of 

crystal Ctd05 and Ctd07A (Table 5.10). The 

PJ
IRM

 values found for the Ctd05 specimens 

range from 1.49 to 1.63, which is somewhat 

higher than the PJ
VSM

 values, and the shape of 

the remanent magnetization ellipsoid is again 

rather oblate with T
IRM

 ranging from 0.47 to 0.89. 

K3
IRM

 makes a high angle with the basal plane, 

i.e. I-K3
IRM

 is between 75° and 88°. So, the AIRM 

of the Ctd05 specimens shows a close 

correspondence to the HF-AMS
VSM/torque

, i.e. the 

shape of the remanence ellipsoid is rather 

oblate and K3
IRM

 is roughly perpendicular to the 

basal plane. This may indicate that the 

magnetite phases mimic the chloritoid lattice 

[cf. Trindade et al., 2001]. However, the AIRM of 

specimen Ctd07A, arising from goethite, has a 

significantly lower PJ
IRM

 and a distinctly prolate 

remanent magnetization ellipsoid with K3
IRM

 

oriented at a low angle to the basal plane. Given 

the fact that goethite is known for generating 

Table 5.10: AIRM results for the relevant chloritoid specimens. 

Name Mr-mean [Am
2
/kg] K1

IRM
 K2

IRM
 K3

IRM
 PJ

IRM
 T

IRM
 I-K3

IRM
 

Ctd05A 3362 x 10
-6

 1.140 1.114 0.746 1.61 0.89 88° 

Ctd05B 2630 x 10
-6

 1.161 1.096 0.743 1.63 0.74 75° 

Ctd05C 566 x 10
-6

 1.161 1.049 0.790 1.49 0.47 83° 

Ctd07A 25387 x 10
-6

 1.113 0.959 0.928 1.21 -0.64 8° 
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Table 5.11: Deviatoric high-field AMS at 77 K and RT for three chloritoid crystals. 

Name   ΔK1 x 10
-6

 [SI] ΔK2 x 10
-6

 [SI] ΔK3 x 10
-6

 [SI] δk x 10
-6

 [SI] p77 

Ctd04a 
77 K 1564 1392 -2956 4521 

6.86 RT 227 205 -432 659 

Ctd05a 
77 K 1147 1042 -219 1366 

2.86 RT 162 154 -316 478 

Ctd06c 
77 K 1237 1130 -2366 3603 

6.94 RT 177 165 -342 519 

ΔK1, ΔK2 and ΔK3 are the deviatoric eigenvalues of the paramagnetic AMS. δk (= ΔK1 – ΔK3) expresses the 
degree of anisotropy of the deviatoric tensor. p77 is the ratio of δk at 77 K and room temperature (RT). 

inverse fabrics [Dekkers and Rochette, 1992], 

also the goethite phases may have nucleated in 

the direction of the chloritoid lattice. 

5.3.7 Magnetic anisotropy behavior at 

low temperature 

For specimens Ctd01C and Ctd06D, κ
hf
 within 

the basal plane is determined as a function of 

temperature from 300 to 10K (Fig. 5.10(a-b)). 

On a plot of the reciprocal κ
hf
 to temperature, a 

linear behavior is observed from 300 to 

approximately 60 K, whereas lower 

temperatures show an upward increasing 

deviation from the linear trend. This deviation is 

related to assumptions, used for deriving the 

Curie-Weiss law, that are no longer valid close 

to θp due to strong fluctuations of the magnetic 

moments. The data obtained for 1/κ
hf
 above 60K 

have been processed by the least squares 

method, giving a value of 0.49 and 0.54, 

respectively, for C
||
 and 6.0K and 4.4 K, 

respectively, for θp
||
. The positive values for θp

||
 

indicate the presence of ferromagnetic 

exchange interactions within the basal plane 

(cf. Fig. 2.6). Magnetic ordering will only take 

place below this temperature. For specimen 

Ctd01C, also κ
hf
 perpendicular to the basal 

plane is determined as function of temperature 

(Fig. 5.10(c)). The plot of the reciprocal κ
hf
 to the 

temperature permits a value of 0.40 to be 

determined for C
┴
 and - 35.6K for θp

┴
. The 

negative value of θp
┴
 indicates an 

antiferromagnetic coupling between the 

planes (cf. Fig. 2.6). 

For the three specimens, i.e. Ctd04A, Ctd05A 

and Ctd06C, of which the paramagnetic AMS 

was also measured at cryogenic temperature 

(77 K), the eigenvalues of the paramagnetic, 

deviatoric tensor are shown in Table 5.11. For  

 

Fig. 5.10: Plots of the reciprocal of the magnetic 

susceptibility as a function of temperature with the 

applied field (a-b) within the basal plane and 

(c) perpendicular to the basal plane. 

specimen Ctd04A and Ctd06C the p77 factor is 

6.86 and 6.94, respectively. However, for 

specimen Ctd05A the δk parameter at 77 K only 

increased by a factor of 2.86 with respect to 

room temperature. This last value is a bit 

strange as it differs strongly from the other two 

specimens and similar analyses for muscovite, 
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biotite, phlogopite and chlorite did not result in a 

p77 factor lower than 6.34 [Biedermann et al., 

2014]. 

5.4  Discussion and synthesis 

In chapter 4, we have seen that the 

paramagnetic AMS of the homogeneous 

siltstone beds of the Plougastel Formation is 

carried by white mica (muscovite), chlorite and 

chloritoid. In this chapter, the magnetic 

properties of these different constituting 

paramagnetic minerals was explored: for 

muscovite and chlorite the data are summarized 

from literature, but for chloritoid new high-field 

experiments have been performed. 

Taking into account the observed PJ
VSM/torque

 

values of the chloritoid analysis, it is clear that 

the degree of magnetocrystalline anisotropy in 

chloritoid single crystals (1.47 ± 0.06) is 

significantly higher than that of muscovite 

(1.15 ± 0.05) and chlorite (1.15 ± 0.04) single 

crystals (Fig. 5.11). Furthermore, the PJ
VSM/torque

 

values of chloritoid are also significantly higher 

than those of biotite (1.31  ± 0.04) [Martín-

Hernández and Hirt, 2003] and even higher than 

the 1.35 upper limit of paramagnetic contribution 

to the AMS in siliciclastic rocks suggested by 

Rochette [1987] and Rochette et al. [1992]. 

Hence, due to its extremely strong 

magnetocrystalline anisotropy and relatively 

high bulk magnetic susceptibility, chloritoid will 

have a profound impact on the magnetic 

fabric of chloritoid-bearing rocks. Therefore, 

the magnetic fabrics of chloritoid-bearing and 

non-chloritoid-bearing rocks cannot be 

compared directly. This is important for the 

regional study of the CAD, as the homogeneous 

siltstones of the inland slate belts do contain an 

important amount of chloritoid and those of the 

Crozon peninsula do not. 

Despite the differences in magnetocrystalline 

anisotropy, all the minerals in Fig. 5.11 have a 

rather similar ‗magnetic structure‘, i.e. the 

transition element cations are principally 

distributed in sheet-like brucite layers (see Fig. 

5.1, Fig. 5.3, Fig. 5.5). In order to explain the 

different PJ values for the different minerals and 

the variance between different crystals of the 

same species, Martín-Hernández and Hirt 

[2003] tentatively suggested an influence of the 

iron content or the Fe
2+

/Fe
3+

 ratio. We did not 

perform a chemical analysis on the chloritoid 

single crystals to test this hypothesis. However, 

a plot of PJ
VSM/torque

 to Km
hf

 does not show any 

relationship (Fig. 5.12). As Km
hf
 is directly related 

to the Fe-content of the chloritoid crystals, it also 

seems that the crystal‘s degree of magnetic 

anisotropy is unrelated to the Fe-content. Still, 

we cannot discard the possibility that a variable 

Fe
2+

/Fe
3+

 ratio influences the degree of 

magnetic anisotropy. Similar plots for muscovite, 

chlorite and biotite also do not show an apparent 

relationship between the bulk susceptibility, and 

hence the iron content, and the degree of 

magnetocrystalline anisotropy (Fig. 5.12). 

Furthermore, Biedermann et al. [2014] 

performed Mössbauer spectroscopy together 

with electron probe microanalysis (EPMA) to 

calculate the Fe
2+

 and Fe
3+

 content from a 

selection of their muscovite, chlorite and biotite 

single crystals. They also did not obtain a clear 

correlation between the magnetic anisotropy 

and the Fe
2+

/Fe
3+

 ratio. 

Hence, the remarkably high magnetic anisotropy 

of chloritoid does not simply result from more Fe 

(and Mn) cations and hence, a stronger 

ferrimagnetic interaction within the basal plane. 

This is also confirmed by the positive θp
||
 of 

chloritoid that is similar to the θp
||
 of muscovite 

and chlorite, and clearly lower than the θp
||
 of 

biotite (Table 5.12). The available data do seem  

 

Fig. 5.11: Plot of the degree of anisotropy (PJ) to the 

shape parameter (T) of the paramagnetic AMS of 

single crystals of chlorite, muscovite and chloritoid, 

i.e. the paramagnetic minerals of the HSBs of the 

Plougastel Formation, and of biotite. Chlorite, 

muscovite and biotite data from Martín-Hernández 

and Hirt [2003]; chloritoid data from Haerinck et al. 

[2013]. The vertical line corresponds to the frequently 

used upper limit (i.e. 1.35) for the paramagnetic 

contribution to the AMS of siliciclastic rocks. 
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to infer that the higher magnetic anisotropy of 

biotite with respect to muscovite and chlorite 

results from a relatively higher θp
||
, and hence a 

stronger ferrimagnetic coupling within the basal 

plane. This stronger ferrimagnetic coupling may 

explain why the magnetic anisotropy of biotite, 

which has a p77 factor of 12, increases more 

strongly with decreasing temperature than that 

of chloritoid, muscovite and chlorite, which all 

have a p77 factor of more or less 7 (Table 5.12). 

However, the θp
┴
 of chloritoid is clearly more 

negative than the θp
┴
 of muscovite, chlorite and 

biotite. Therefore, based on the limited low 

temperature magnetic susceptibility data 

available, we suggest that the relatively high 

degree of magnetic anisotropy of chloritoid 

with respect to the phyllosilicates muscovite, 

chlorite and biotite, is due to its more 

pronounced antiferromagnetic coupling 

perpendicular to the crystal’s basal plane. 

 

Fig. 5.12: Plot of the high-field paramagnetic bulk 

susceptibility to the paramagnetic degree of 

anisotropy for the different chloritoid specimens and 

muscovite, chlorite and biotite crystals measured by 

Martín-Hernández and Hirt [2003]. 

Table 5.12: Overview of the magnetocrystalline anisotropy and the low temperature magnetic anisotropy behavior 

of muscovite, chlorite, chloritoid and biotite. 

Mineral PJ T θp
||
 (K) θp┴ (K) p77 

Muscovite 
1
 1.15 ± 0.05 

1
 0.84 ± 0.08 

2
  5 -24 2  

7.4 3
  4 -21 

Chlorite 
1
 1.15 ± 0.04 

1
 0.95 ± 0.05 

4
  7 -13 

2  
7 

Chloritoid * 1.47 ± 0.06 * 0.94 ± 0.06 *  5 -36 *
  
6.9 

Biotite 
1
 1.31 ± 0.04 

1
 0.96 ± 0.02 

1
  25 -8 2  

12.0 5
  27 -7 

* Data from this work; other data from 
1
Martín-Hernández and Hirt [2003]; 

2
Biedermann et al. [2014]; 

3
Ballet and 

Coey [1982]; 
4
Ballet et al. [1985] and 

5
Beausoleil et al. [1983]. 
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In this chapter the results of the regional 

magnetic fabric analysis of the Central 

Armorican Domain (CAD) are presented. In a 

first part, the extensive low-field AMS dataset is 

covered both in terms of an orientation analysis 

of the observed magnetic fabrics and in terms of 

a quantitative analysis of the eigenvalues of the 

magnetic fabrics. In a second part, the additional 

magnetic experiments that have been performed 

on a representative part of the total dataset, are 

presented in order to determine the extent of a 

possible ferromagnetic (s.l.) contribution to the 

low-field AMS. These include magnetic 

remanence experiments and AMS 

measurements at low temperature and in high-

fields. In a third part, the crystallographic 

preferred orientation of the individual 

constituting minerals is compared to the 

magnetic fabric for a single specimen of the 

MASB research area. In a fourth part, the 

significance of the observed variation in 

magnetic fabric is investigated. Both the amount 

of finite strain and variations in boundary 

conditions (angle between bedding and 

cleavage, composition) are considered. In a final 

part, the results of the regional magnetic fabric 

analysis and their significance as regional fabric 

and strain maker of the CAD are summarized. 

6.1  Low-field AMS analysis at room 

temperature 

6.1.1 Orientation analysis 

In this section, the orientation of the magnetic 

fabric with respect to the macroscopic fabric 

elements, i.e. bedding and cleavage, is 

presented for the HSB samples of each of the 

four research areas. Firstly, the orientation of 

the maximum magnetic susceptibility or 

magnetic lineation (K1) and the minimum 

magnetic susceptibility or the pole to the 

magnetic foliation (K3) is discussed. Particular 

attention is paid to their geometrical relationship 

with the macroscopic fabric elements, i.e. 

bedding and cleavage. For the orientation 

behavior of K1, six types of K1 orientation 

pattern are observed for the HSB samples of 

the different research areas. 

 Cluster IL: The K1 orientation of the 

different specimens of the sample is 

clustered parallel to the orientation of the 

bedding-cleavage intersection (Fig. 

6.1(a)). Here, ―parallel‖ means that the 

angle between K1 and the bedding-

cleavage intersection (K1 ^ IL(S0-S1)) is 

smaller than 15°. 

 Cluster S1: The K1 orientation of the 

different specimens of the sample are 

clustered in an orientation within the 

cleavage plane that is clearly not parallel 

to the bedding-cleavage intersection (Fig. 

6.1(b)). This means that K1 ^ IL(S0-S1) is 

larger than 15°. Note that many of the 

samples that show such an orientation 

pattern for K1 have a very small angle 

between bedding and cleavage. Hence, the 

bedding-cleavage intersection is poorly 

defined for these samples (Fig. 6.1(c)). 

 Cluster S0: The K1 orientation of the 

different specimens of the sample is 

clustered in an orientation within the 

bedding plane that is clearly not parallel to 

the bedding-cleavage intersection (Fig. 

6.1(d)). This means that K1 ^ IL(S0-S1) is 

larger than 15°. 

 Girdle S1: The K1 orientation of the 

different specimens of the sample shows a 

(partial) girdle distribution within the 

cleavage plane (Fig. 6.1(e)). 

 Girdle S0: The K1 orientation of the 

different specimens of the sample shows a  
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Fig. 6.1: Representative examples of the six types of orientation pattern of K1 with respect to the macroscopic 

fabric elements (bedding and cleavage). The data is shown with the geographic coordinate system. 

(partial) girdle distribution within the 

bedding plane (Fig. 6.1(f)). 

 Cluster oblique: The K1 orientation of the 

different specimens of the sample is 

clustered in an orientation that is oblique 

with respect to both the cleavage plane and 

the bedding plane (Fig. 6.1(g)). 

For the orientation behavior of K3, five types of 

K3 orientation pattern are observed for in the 

HSB samples of the different research areas. 

 Cluster S1 pole: The K3 orientation of the 

different specimens of the sample is 

clustered parallel to the orientation of the 

cleavage pole (Fig. 6.2(a)). This means 

that the angle between K3 and the cleavage 

pole (S1 ^ K3) is smaller than 15°. 

 Cluster S0 pole: The K3 orientation of the 

different specimens of the sample is 

clustered parallel to the orientation of the 

bedding pole (Fig. 6.2(b)). This means that 

the angle between K3 and the bedding pole 

(S0 ^ K3) is smaller than 15°. 

 Cluster IM(S0-S1): The K3 orientation of the 

different specimens of the sample is 

clustered in an orientation in between that 

of the bedding pole and the cleavage 

pole, and thus in a plane perpendicular to 

the bedding-cleavage intersection lineation 

(Fig. 6.2(c)). 

 Cluster S0+S1 pole: When the angle 

between the bedding and cleavage is small 

(< 10°) and the K3 orientations of the 

different specimens are not perfectly 

clustered, it can be hard to discriminate 

between the first three types of orientation 

patterns. Therefore, the K3 orientation 

pattern of these samples is indicated as 

clustered parallel both to the bedding pole 

and the cleavage pole (Fig. 6.2(d)). 

 Girdle (S0-S1): The K3 orientation of the 

different specimens of the sample shows a 

(partial) girdle distribution within the plane 

containing both the bedding pole and the 

cleavage pole, and thus in a plane 

perpendicular to the bedding-cleavage 

intersection lineation (Fig. 6.2(e)). 

 Cluster oblique: The K3 orientation of the 

different specimens of the sample is 

clustered in an orientation that is oblique 

with respect to both the cleavage plane and 

the bedding plane (Fig. 6.2(f)). 

We will describe for each outcrop zone, which 

K1 and K3 orientation patterns are occurring 

and discuss how K1 and K3 orientations relate to 

the macroscopic fabric elements. Particular 
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Fig. 6.2: Representative examples of the five types of orientation pattern of K3 with respect to the macroscopic 

fabric elements (bedding and cleavage). The data is shown with the geographic coordinate system. 

attention is paid to the angle between K1 and the 

bedding-cleavage intersection (K1 ^ IL(S0-S1)), 

the angle between the bedding pole and K3 

(S0 ^ K3) and the angle between the cleavage 

pole and K3 (S1 ^ K3). The relative 

correspondence of K3 with respect to the 

bedding and cleavage pole in the different 

research areas is visualized using maps of the 

different research areas that show the average 

(S1 ^ K3)norm) parameter per outcrop (see 

Appendix 2 for description of the outcrops). The 

complete low-field RT-AMS orientation dataset 

is given in Appendix 7. Appendix 7.1 shows a 

stereoplot of each sample with the orientation of 

K1, K2 and K3 together with the macroscopic 

fabric elements in the geographic coordinate 

system and Appendix 7.2 lists all data in table 

format. 

Finally, the distribution of the K1 and K3 

orientations in each outcrop zone is analyzed. 

The K1, K2 and K3 orientations of all specimens 

are plotted in the rotated sample coordinate 

system (see section 2.4.2) and contour plots 

are used to visualize K1 and K3 distributions. In 

order to attribute the magnetic fabrics of each 

outcrop zone to one of the magnetic fabric types 

in Fig. 1.2(a), the cluster and girdle tendency of 

K1 and K3 should be investigated. This is done 

by calculating the orientation distribution vector 

(v1, v2, v3) for K1 and K3, respectively, in each 

outcrop zone. Subsequently, Woodcock 

statistics are performed for the K1 and K3 

distributions vectors of each outcrop zone (see 

section 2.4.2). Particular attention is paid to the 

Woodcock shape parameter K, which is < 1 for 

distributions with a dominant girdle tendency 

and > 1 for distributions with a dominant cluster 

tendency. On the basis of this analysis for K1 

and K3, respectively, and the occurring K1 and 

K3 orientation patterns, the magnetic fabrics of 

each outcrop zone are attributed to one of the 

magnetic fabric types presented in Fig. 1.2(a). 

Crozon fold-and-thrust belt: Crozon South 

(CS) research area 

In six out of seven of the investigated outcrop 

zones, i.e. CS01 to CS06, the maximum 

magnetic susceptibility K1 shows generally a 

subhorizontal NE-SW trend. For outcrop zone 

CS07, this is a subhorizontal E-W trend (see 

Appendix 7.1). These orientations are similar to 

the general orientation of the fold hinge lines 

and bedding-cleavage intersection lineations 

that can be observed in the field. The minimum 

magnetic susceptibility K3 shows an overall 

uniform orientation in outcrop zone CS01 to 

CS06, i.e. a subhorizontal to slightly plunging 

NW-SE trend. However, for some samples the  
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Table 6.1: K1 and K3 orientation patterns and distribution analysis with respect to S0 and S1 for the seven outcrop 

zones of the Crozon South (CS) research area. 

Outcrop Zone  Occurring orientation patterns of K1 and K3       

CS01 K1 : 4 x cluster IL: BR11TH011,-013, -014, -016; 5 x cluster S1: BR11TH012, -017, -018, -019, -038; 

1 x cluster S0: BR11TH038   

 K3 : 8 x cluster S1 pole: BR11TH011, -012, -013, -014, -015, -016, -018, -019; 1 x cluster IM(S0-S1): 

BR11TH038; 1 x cluster oblique: BR11TH017   

CS02 K1 : 11 x cluster IL: BR11TH006, -007, -008, -010, -020, -026, -028, -029, -034, -036, -041; 10 x cluster S1: 

BR11TH021, -023, -025, -027, -030, -031, -033, -035, -039, -040; 1 x girdle S1: BR11TH032; 2 x cluster 

oblique: BR11TH024, -083 

  

  

 K3 : 17 x cluster S1 pole: BR11TH006, -008, -020, -023, -024, -025, -026, -027, -030, -031, -032, -034, -035, 

-036, -039, -040, -041; 2 x cluster IM(S0-S1): BR11TH007, -029; 3 x cluster (S0+S1): BR11TH010, -021, 

-028; 1 x girdle (S0-S1): BR11TH033; 1 x cluster oblique BR11TH083 

  

  

CS03 K1 : 1 x cluster IL: BR11TH087; 3 x cluster S1: BR11TH084, -085, -086 

 K3 : 4 x cluster IM(S0-S1): BR11TH084, -085, -086, -087 

CS04 K1 : 3 x cluster S1: BR11TH088, -089, -090 

 K3 : 3 x cluster S1 pole: BR11TH088, -089, -090 

CS05 K1 : 6 x cluster IL: BR09TH032, -033, -034, -035, -036, -039; 1 x cluster oblique: BR09TH038 

 K3 : 2 x cluster S0 pole: BR09TH033, - 034; 3 x cluster IM(S0-S1): BR09TH035, -036, -038; 2 x girdle (S0-S1): 

BR09TH032, -039   

CS06 K1 : 10 x cluster IL: BR09TH004, -005, -010, -011, -012, -013, -014, -016, -017, -018, -020; 1 x cluster S1: 

BR09TH015; 2 x cluster S0: BR09TH003, -009; 2 x cluster oblique BR09TH010, -019    

 K3 : 2 x cluster S1 pole: BR09TH005, -015; 2 x cluster S0 pole: BR09TH011, -014; 6 x cluster IM(S0-S1): 

BR09TH003, -009, -013, -016, -018, -020; 3 x girdle (S0-S1): BR09TH004; -012, -017; 2 x cluster oblique 

BR09TH010; BR09TH019  

  

  

CS07 K1 : 1 x cluster S0: BR11TH001, 1 x girdle S0: BR11TH002 

 K3 : 2 x cluster S0 pole: BR11TH001, -002 

Outcrop Zone K1 ^ IL(S0-S1) K - K1
distr.

 S0 ^ K3 S1 ^ K3 (S1 ^ K3)norm K - K3
distr.

 Type MF 

CS01 23° ± 18° 0.85 30° ± 11° 7° ± 10° 0.18 ± 0.17 2.32 Type IV 

CS02 28° ± 23° 0.36 16° ± 8° 8° ± 7° 0.31 ± 0.18 6.33 Type IV-V 

CS03 23° ± 11° 0.75 20° ± 4° 21° ± 3° 0.51 ± 0.07 1.30 Type III 

CS04 24° ± 6° 0.36 18° ± 8° 4° ± 2° 0.18 ± 0.09 3.02 Type IV 

CS05 10° ± 6° 1.76 27° ± 21° 49° ± 23° 0.65 ± 0.27 0.38 Type III 

CS06 12° ± 7° 2.34 39° ± 23° 37° ± 19° 0.50 ± 0.25 0.89 Type III 

CS07 34° ± 11° 0.85 11° ± 2° 20° ± 3° 0.65 ± 0.06 5.48 Type I-II 

Abbreviations: K1 ^ IL(S0-S1) – angle between K1 and the bedding-cleavage intersection; K - K1/K3
distr.

 – Woodcock 

K parameter of the K1 / K3 distribution, respectively; S0/S1 ^ K3 – angle between K3 and the pole to bedding / pole 

to cleavage, respectively; (S1 ^ K3)norm – normalized difference angle between the pole to cleavage and K3 (cf. 

section 2.4.2); Type MF – Type magnetic fabric (cf. Fig. 1.2(a)). 

plunge, which is either NW or SE directed, can 

be more pronounced than in the case for K1. 

This is especially so for the samples from 

outcrop zone CS05 and CS06. For outcrop zone 

CS07, K3 plunges ca. 40° to the north (see 

Appendix 7.1). Table 6.1 shows the K1 and K3 

orientation patterns that can be observed for the 

samples of the Crozon South research area and 

summarizes the K1 and K3 distribution for each 

outcrop zone. We now discuss the orientation of 

K1 and K3 with respect to the macroscopic fabric 

elements by using the rotated sample 

coordinate system (Fig. 6.3). 

For outcrop zone CS01 (10 samples), K1 is 

dominantly clustered in the cleavage plane. 

There is roughly an equal amount of samples, 

for which the K1 orientation is parallel and 

oblique to the bedding-cleavage intersection 

(Table 6.1). K1 ^ IL(S0-S1) is relatively large, i.e. 

23°. The CS01 stereoplot shows a K1 

distribution with a girdle tendency (Woodcock 

K
K1

 < 1) that is parallel to the cleavage plane 

and a clear maximum concentration of K1 axes 

parallel to the bedding-cleavage intersection (i.e. 

left-right direction). K3 is dominantly clustered 

parallel to the cleavage pole (Table 6.1). S1 ^ K3 

is much smaller than S0 ^ K3. Consequently, the  
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Fig. 6.3: Rotated orientation data of the principal magnetic susceptibility axes of the 7 outcrop zones from the 

Crozon South (CS) research area. Plots on the left represent the raw data. Plots on the right show the contoured 

data of the K1 and K3 orientation distribution, from which the Woodcock parameter K (K-K1
distr.

, K-K3
distr.

) is 

calculated. N is the number of specimens analyzed for each outcrop zone. 

(S1 ^ K3)norm parameter is relatively low, i.e. 

dominant blue colors in Fig. 6.4. Altogether, 

CS01 shows a cleavage-parallel cluster 

tendency for K3 (Woodcock K
K3

 > 1). The 

magnetic fabrics of CS01 are interpreted to 

reflect a type IV tectonic magnetic fabric (see 

Fig. 1.2(a)). 

For outcrop zone CS02 (24 samples), K1 is 

again dominantly clustered in the cleavage 

plane and for roughly the same amount of 

samples K1 is parallel and oblique with respect  
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Fig. 6.4: Map of the Crozon South (CZ) research area: (a) CS01 - CS06 and (b) CS07, showing the normalized 

difference between the cleavage pole and K3, i.e. (S1 ^ K3)norm. The data is averaged per sample or for a group of 

samples if sample locations are close. (see Appendix 2). 

to the bedding-cleavage intersection (Table 6.1). 

It is, however, clear that many of the samples 

with a rather large K1 ^ IL(S0-S1) have a small 

angle in between bedding and cleavage, making 

the bedding-cleavage intersection poorly 

defined. Sample BR11TH032 shows a 

completely different behavior, its K1 (and K2) 

axes show a girdle distribution within the 

cleavage plane. In the CS02 stereoplot, K1 

shows a strong, cleavage-parallel girdle 

tendency (Woodcock K
K1

 < 1). K3 is dominantly 

parallel to the cleavage pole and strongly 

clustered (Table 6.1). Sample BR11TH032, 

which has the unique K1 girdle distribution, also 

shows this clustered, cleavage pole-parallel 

orientation for K3. Also for the samples with a K3 

orientation clustered in between the bedding 

and cleavage pole or at an oblique orientation, 

S1 ^ K3 is never very large. On average, S1 ^ K3 

is clearly smaller than S0 ^ K3. Consequently, 

the (S1 ^ K3)norm parameter is generally lower 

than 0.33 (dominant blue colors in Fig. 6.4). 

Altogether, this results in a very strong cluster 

tendency for K3 (Woodcock K
K3

 > 6) parallel to 

the cleavage pole. Hence, the magnetic fabrics 

of CS02 are interpreted to reflect a type IV to 

type V tectonic magnetic fabric (see 

Fig. 1.2(a)). 

For outcrop zone CS03 (4 samples), K1 is 

dominantly clustered in an orientation within the 

cleavage plane and oblique with respect to the 

bedding-cleavage intersection (Table 6.1). In the 

CS03 stereoplot, a girdle tendency (Woodcock 

K
K1

 < 1) roughly parallel to the cleavage plane 

can be observed for K1. K1 ^ IL(S0-S1) is again 

relatively large, i.e. an average of 23°. The K3 

orientation of the different samples is strongly 

clustered but in a position in between the 

cleavage and bedding pole rather than parallel 

to the cleavage pole. Hence, S0 ^ K3 and S1 ^ K3 

are very similar and the (S1 ^ K3)norm parameter 

is about 0.5 (green-yellow colors in Fig. 6.4). In 

the CS03 stereoplot, this results in a K3 with a 

relatively weak cluster tendency (Woodcock 



CHAPTER 6 REGIONAL MAGNETIC FABRIC ANALYSIS 

87 

K
K3

 = 1.3) in between both poles. The magnetic 

fabrics of CS03 are a bit ambiguous, and 

actually more samples would be needed to 

firmly determine the outcrop zone‘s magnetic 

fabric type. However, the intermediate 

orientation of K3 between the poles to bedding 

and cleavage together with the only very weak 

cluster tendency of the K3 distribution, made us 

decide to attribute the magnetic fabrics of CS03 

to the type III intermediate magnetic fabric 

(see Fig. 1.2(a)). 

For outcrop zone CS04 (3 samples), the K1 

orientation is consistently located within the 

cleavage plane and oblique with respect to the 

bedding-cleavage intersection (Table 6.1). 

K1 ^ IL(S0-S1) is relatively large, i.e. an average 

of 24°. The CS04 stereoplot shows 2 distinct 

clusters which together hint at a girdle tendency 

(Woodcock K
K1

 < 1) within the cleavage plane. 

K3 is consistently parallel to the cleavage pole 

and strongly clustered (Table 6.1). Its S1 ^ K3 is 

on average only 4°, whereas S0 ^ K3 shows an 

average value of 18°. So, the (S1 ^ K3)norm 

parameter is again very low, i.e. a consistent 

dark blue color in Fig. 6.4. The strong, cleavage-

parallel cluster tendency of K3 (Woodcock 

K
K3

 > 3) is clearly visible in the CS04 stereoplot. 

The magnetic fabrics of CS04 are interpreted to 

reflect a type IV tectonic magnetic fabric (see 

Fig. 1.2(a)). 

For outcrop zone CS05 (7 samples), K1 is 

dominantly clustered parallel to the bedding-

cleavage intersection (Table 6.1). The 

correspondence between K1 and the bedding-

cleavage intersection is clearly more 

pronounced with respect to that in CS01 to 

CS04, i.e. the average K1 ^ IL(S0-S1) is only 10°. 

This is also evidenced by the clear cluster 

tendency of K1 (Woodcock K
K1

 > 1) in the CS05 

stereoplot. The K3 orientation either shows a 

clustered distribution parallel to the bedding pole 

or at an intermediate position in between the 

cleavage and bedding pole, or otherwise shows 

a girdle distribution in the (hypothetical) plane 

that contains both the pole to bedding and the 

pole the cleavage (Table 6.1). The average 

S1 ^ K3 is much larger than it was the case for 

CS01 to CS04 and it is also clearly larger than 

S0 ^ K3. Consequently, the (S1 ^ K3)norm 

parameter is relatively high, i.e. an orange color 

in Fig. 6.4. In the CS05 stereoplot, a strong 

girdle distribution (Woodcock K
K3

 < 0.5) in 

between the pole to bedding and the pole to 

cleavage is apparent for K3. Furthermore, the 

95% confidence angle in the direction of K2 and 

K3, i.e. E23, is clearly higher than that of the 

other outcrop zones, which have a more 

clustered K3 distribution. Because of the 

bedding-cleavage intersection-parallel K1 and 

the girdle tendency of K3 in the plane containing 

both the pole to bedding and the pole to 

cleavage, the magnetic fabrics of outcrop zone 

CS05 are interpreted to reflect a type III 

intermediate magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone CS06 (15 samples), a similar 

image to that of CS05 is observed. K1 is 

dominantly clustered parallel to the bedding-

cleavage intersection and hence, K1 ^ IL(S0-S1) 

is relatively small (Table 6.1). This is very 

apparent in the CS06 stereoplot, which shows a 

strongly clustered K1 distribution (Woodcock 

K
K1

 > 1). Also the K3 orientation distribution is 

somewhat similar to that of outcrop zone CS05, 

i.e. the different samples have a variable K3 

orientation, which can either be clustered close 

to the cleavage or bedding pole, at an 

intermediate position in between both poles, or it 

can show a girdle distribution in the 

(hypothetical) plane containing both poles 

(Table 6.1). Unlike CS05, S0 ^ K3 and S1 ^ K3 

are more similar and hence, the (S1 ^ K3)norm 

parameter is about 0.5 (yellow color in Fig. 6.4). 

For the entire outcrop zone, the K3 orientation 

shows a girdle distribution (Woodcock K
K3

 < 1) 

in between the pole to bedding and the pole to 

cleavage. Just as CS05, the magnetic fabrics of 

CS06 are interpreted to reflect a type III 

intermediate magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone CS07 (2 samples), the K1 

orientation is subhorizontal and WNW-ESE 

trending to slightly NW plunging. This is oblique 

to the ENE-WSW trend for outcrop zone CS01-

CS06. For both samples, K1 is oriented within 

the bedding plane. One of these samples has a 

clustered K1 and the other one‘s K1 axes show a 

(weak) girdle distribution (Table 6.1). The overall 

K1 distribution show a weak girdle tendency 

(Woodcock K
K1

 < 1) within the bedding plane. 

The K3 orientations are strongly clustered close 

to the bedding pole (Table 6.1). Hence, S0 ^ K3 

is clearly smaller than S1 ^ K3 and the 

(S1 ^ K3)norm parameter is relatively high, i.e. an 

orange color in Fig. 6.4. The strong cluster 

tendency of K3 (Woodcock K
K3

 > 5) oblique to 
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cleavage pole is clearly visible in the CS07 

stereoplot. The magnetic fabrics of CS07 seem 

to possess characteristics of both type I 

sedimentary magnetic fabrics and type II 

intermediate magnetic fabrics (Fig. 1.2(a)). 

The orientation of K1 and K3 with respect to the 

bedding and cleavage is summarized for the 

different outcrop zones in a map of the research 

area showing the values of the (S1 ^ K3)norm 

parameter (Fig. 6.4) and in a Woodcock two-

axis plot (Fig. 6.5). The difference between the 

outcrop zones with a type IV magnetic fabric 

(CS01, CS02 and CS04) and those with a 

type III intermediate fabric (CS03, CS05, CS06) 

is very apparent in the (S1 ^ K3)norm parameter 

map, i.e. a dominant blue color 

(S0 ^ K3 >> S1 ^ K3) for the former and a 

dominant yellow to orange color 

(S0 ^ K3 < S1 ^ K3) for the latter. In the 

Woodcock plot, the K3 distributions of the 

tectonic fabric types all plot on the left side of 

the line K
K3

 = 2, whereas those of the 

intermediate fabric types plot on the right side of 

this line. For the K1 distributions, those of CS02 

and CS04 clearly show the strongest girdle 

tendency, i.e. they plot on the right side of the  

 

Fig. 6.5: Woodcock two-axis plot of the K1 and K3 

distribution for the different outcrop zones of the 

Crozon South (CS) research area. S1, S2, S3 are the 

normalized eigenvalues of the K1 and K3 distribution; 

K expresses the shape of the K1 and K3 distribution 

(girdle/cluster tendency); C is a measure of the 

strength of preferred orientation of K1 and K3, 

respectively. 

line K
K3

 = 0.5, whereas those of CS05 and CS06 

(type III) are the only to show a cluster 

tendency. Finally, the K3 distribution of CS07 

(type I to type II) is extremely strong clustered, 

i.e. it plots on the left side of the line K
K3

 = 5. 

However, as CS07 contains only two samples 

no conclusions should be drawn from this. 

Crozon fold-and-thrust belt: Crozon North 

(CN) research area 

In the six outcrop zones of the Crozon North 

research area, the maximum magnetic 

susceptibility K1 shows generally a similar 

trend than in the Crozon south research area, 

i.e. a subhorizontal NE-SW trend (see 

Appendix 7.1). Again, this orientation is similar 

to the general orientation of the fold hinge lines 

and bedding-cleavage intersection lineations 

that can be observed in the field. The minimum 

magnetic susceptibility K3 shows an overall 

vertical to steeply NW-plunging attitude in the 

Crozon North research area (see Appendix 7.1). 

Table 6.2 shows K1 and K3 orientation patterns 

that can be observed for the samples of the 

Crozon North research area and summarizes 

the analysis of the K1 and K3 distribution for 

each outcrop zone. We now discuss the 

orientation of K1 and K3 with respect to the 

macroscopic fabric elements by using the 

rotated sample coordinate system (Fig. 6.6). 

For outcrop zone CN01 (6 samples), the K1 

orientation is dominantly clustered within the 

cleavage plane and it can be either parallel or 

oblique with respect to the bedding-cleavage 

intersection (Table 6.2, note that also for the 2 

samples with a ‗cluster S0‘ and ‗cluster oblique‘ 

K1 orientation pattern, the angle between the K1 

cluster and the cleavage plane is relatively 

small). The average K1 ^ IL(S0-S1) is relatively 

large. In the CN01 stereoplot, an incomplete 

girdle distribution in the cleavage plane 

(Woodcock K
K1

 < 1) and centered around the 

bedding-cleavage intersection can be observed 

for the K1 distribution. K3 either coincides with 

the pole to the cleavage or is oriented at an 

intermediate position between the pole to 

bedding and the pole to cleavage (Table 6.2). 

On average, S1 ^ K3 is considerably smaller than 

S0 ^ K3, but the (S1 ^ K3)norm parameter, ranging 

for individual specimens from 0.04 to 0.91, 

shows the variation of K3 with respect to the 
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Table 6.2: K1 and K3 orientation patterns and distribution analysis with respect to S0 and S1 for the six outcrop 

zones of the Crozon North (CN) research area. 

Outcrop Zone  Occurring orientation patterns of K1 and K3       

CN01 K1 : 2 x cluster IL: BR13TH039, -040; 2 x cluster S1: BR13TH036, -041; 1 x cluster S0: BR13TH038; 

1 x cluster oblique: BR13TH037    

            K3 : 2 x cluster S1 pole: BR13TH036, -038; 3 x cluster IM(S0-S1): BR13TH037, -040, -041; 

1 x cluster (S0+S1): BR13TH039    

CN02 K1 : 3 x cluster IL: BR13TH042, -043, -045; 2 x cluster S1: BR13TH044, -046 

 K3 : 3 x cluster S1 pole: BR13TH042, -044, -045; 1 x cluster IM(S0-S1): BR13TH046; 1 x girdle(S0-S1): 

BR13TH043   

CN03 K1 : 3 x cluster S1: BR09TH053, -054, -055 

 K3 : 3 x cluster S1 pole: BR09TH053, -054, -055 

CN04 K1 : 1 x cluster IL: BR13TH048; 1 x cluster S1: BR13TH047 

 K3 : 1 x cluster S1 pole: BR13TH047; 1 x cluster IM(S0-S1): BR13TH048 

CN05 K1 : 1 x girdle S1: BR13TH049 

 K3 : 1 x cluster S1 pole: BR13HT049 

CN06 K1 : 10 x cluster IL: BR09TH041, -042, -048, -049, -050, -056, -057, -060, -061, -062; 2 x cluster S1: 

BR09TH058, -063; 1 x cluster oblique: BR09TH043    

 K3 : 2 x cluster S1 pole: BR09TH060, -063; 4 x cluster IM(S0-S1): BR09TH0056, -058, -061, -062; 

2 x cluster (S0+S1): BR09TH048, -057; 1 x girdle(S0-S1): BR09TH050; 4 x cluster oblique: BR09TH041, 

-042, -043, -049 

  

   

Outcrop Zone K1 ^ IL(S0-S1) K - K1
distr.

 S0 ^ K3 S1 ^ K3 (S1 ^ K3)norm K - K3
distr.

 Type MF 

CN01 22° ± 14° 0.53 23° ± 19° 11° ± 4° 0.41 ± 0.18 1.78 Type III 

CN02 27° ± 15° 0.37 22° ± 9° 8° ± 5° 0.25 ± 0.13 3.66 Type IV 

CN03 34° ± 4° 3.52 36° ± 5° 6° ± 3° 0.15 ± 0.07 3.46 Type IV 

CN04 15° ± 3° 1.92 17° ± 3° 10° ± 4° 0.36 ± 0.09 1.36 Type III 

CN05 27° ± 18° 0.52 30° ± 9° 13° ± 6° 0.31 ± 0.12 6.18 Type IV 

CN06 16° ± 12° 0.75 25° ± 16° 18° ± 15° 0.45 ± 0.18 1.18 Type III 

Abbreviations: K1 ^ IL(S0-S1) – angle between K1 and the bedding-cleavage intersection; K - K1/K3
distr.

 – Woodcock 

K parameter of the K1 / K3 distribution, respectively; S0/S1 ^ K3 – angle between K3 and the pole to bedding / pole 

to cleavage, respectively; (S1 ^ K3)norm – normalized difference angle between the pole to cleavage and K3 (cf. 

section 2.4.2); Type MF – Type magnetic fabric (cf. Fig. 1.2(a)). 

poles to bedding and cleavage. In Fig. 6.7, the 

variability in (S1 ^ K3)norm can be observed for the 

3 different outcrops of CN01 (yellow, green and 

blue color). In the CN01 stereoplot, the highest 

concentration of K3 axes can be observed in a 

cluster (Woodcock K
K3

 > 1) at an intermediate 

orientation in between the pole to bedding and 

the pole to cleavage. There is, however, also 

some girdle tendency roughly in the direction of 

the pole to cleavage. Because of the only weak 

cluster tendency of K3 at an intermediate 

orientation in between both poles and the 

roughly bedding-cleavage intersection-parallel 

K1, the magnetic fabrics of outcrop zones CN01 

are interpreted as a type III intermediate 

magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone CN02 (5 samples), the K1 

orientation is consistently clustered within the 

cleavage plane. This can either be parallel or 

oblique with respect to the bedding-cleavage 

intersection (Table 6.2). The average K1 ^ IL(S0-

S1) is relatively large, however, the angle 

between bedding and cleavage is quite small for 

all 5 samples making the orientation of its 

intersection poorly constrained. The CN02 K1 

distribution shows a clear cleavage-parallel 

girdle tendency (Woodcock K
K1

 < 0.5) with a 

relatively higher concentration of K1 axes close 

to the bedding-cleavage intersection. The K3 

orientation is dominantly parallel to the pole to 

cleavage (Table 6.2). The S1 ^ K3 is clearly 

smaller than the S0 ^ K3 and the (S1 ^ K3)norm 

parameter is relatively low (blue colors in Fig. 

6.7). The CN02 K3 orientations show a clear 

cleavage-parallel cluster tendency (Woodcock 

K
K3

 > 3). So, the magnetic fabrics of CN02 are 

interpreted to reflect a type IV tectonic 

magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone CN03 (3 samples), the K1 

orientation is consistently clustered within the
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Fig. 6.6: Rotated orientation data of the principal magnetic susceptibility axes of the 6 outcrop zones from the 

Crozon North (CN) research area. Plots on the left represent the raw data. Plots on the right show the contoured 

data of the K1 and K3 distribution, from which the Woodcock parameter K (K-K1
distr.

, K-K3
distr.

) is calculated N is the 

number of specimens analyzed for each outcrop zone. 

cleavage plane in a westward plunging direction. 

This is about 30° oblique to the bedding-

cleavage intersection (Table 6.2). The CN03 K1 

distribution is strongly clustered (Woodcock 

K
K1

 > 3). K3 consistently coincides with the pole 

to the cleavage (Table 6.2), resulting in a strong 

cluster tendency for the CN03 K3 population 

(Woodcock K
K3

 > 3) parallel to the cleavage 

pole. S1 ^ K3 is very small and the (S1 ^ K3)norm 

parameter is low (a blue color in Fig. 6.7). The 

magnetic fabrics of CN03 are also interpreted to 

reflect a type IV tectonic magnetic fabric (see 

Fig. 1.2(a)). 

For outcrop zone CN04 (2 samples), the K1 

orientation is clustered parallel to the bedding-

cleavage intersection for one sample and within 

the cleavage plane but oblique to the bedding-

cleavage intersection for the other one (Table 

6.2). The average K1 ^ IL(S0-S1) is relatively low 

compared to CN01-CN03. Hence, the K1 

distribution shows a bedding-cleavage 

intersection parallel cluster tendency (Woodcock 

K
K1

 > 1). The K3 orientation of both samples is at 
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Fig. 6.7: Map of the Crozon North (CN) research area (CN01 – CN06) showing the normalized difference 

between the cleavage pole and K3, i.e. (S1 ^ K3)norm, for the investigated outcrops. The data is averaged per 

samples or for a group of sample if sample locations are close. (see Appendix 2). 

an intermediate position in between the pole to 

bedding and the pole to cleavage (Table 6.2). A 

comparison of S0 ^ K3 and S1 ^ K3 and the 

(S1 ^ K3)norm parameter shows that the K3 

orientation is generally a bit closer to the 

cleavage pole than to the bedding pole (light 

blue color in Fig. 6.7). The K3 distribution is 

clustered (Woodcock K
K3

 > 1) at an intermediate 

orientation in between both poles. Together with 

the clustered and bedding-cleavage 

intersection-parallel K1 distribution, it made us 

interpret the CN04 magnetic fabrics as a type III 

intermediate magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone CN05 (1 sample), the K1 

orientation of the different specimens of this 

single sample show a relatively weak preferred 

orientation with girdle tendency (Woodcock 

K
K1

 < 1) within the cleavage plane, most of them 

roughly parallel to the bedding-cleavage 

intersection (Table 6.2). The K1 orientation of the 

different specimens is however, poorly defined, 

i.e. the 95% confidence angle within the 

magnetic foliation (E12) is very large with respect 

to those of the other outcrop zones, i.e. 35°. K3 

is oriented more or less parallel to the cleavage 

pole, albeit with a relatively weak preferred 

orientation (E23 = 15° and E13 = 10). The S1 ^ K3 

is 13°, which is clearly smaller than the S0 ^ K3. 

The magnetic fabrics of the CN05 specimens 

are tentatively interpreted to reflect a type IV 

tectonic magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone CN06 (13 samples), the K1 

orientation is dominantly clustered parallel to the 

bedding-cleavage intersection (Table 6.2). The 

average K1 ^ IL(S0-S1) is relatively low. The 

CN06 K1 distribution shows a weak girdle 

tendency (Woodcock K
K1

 < 1) but with a very 

clear maximum parallel to the orientation of the 

bedding-cleavage intersection. For K3, the angle 

between bedding and cleavage is generally very 

small, making it hard to determine whether K3 is 

more parallel to the bedding pole than to the 

cleavage pole. The samples, for which the angle 

between bedding and cleavage is larger either 

have a K3 that is oriented at an intermediate 

position in between the pole to bedding and the 

pole to cleavage or that coincides with the pole 

to the cleavage (Table 6.2). The intermediate 

orientation of K3 with respect to both poles is 

reflected by its S0 ^ K3 and S1 ^ K3, which show 

rather similar values, and by the (S1 ^ K3)norm 

parameter, which is on average about 0.5 (light 

blue to yellow color in Fig. 6.7). The K3 

distribution shows a very weak cluster 

distribution (Woodcock K
K3

 > 1) in an orientation 

oblique to the cleavage pole. Nevertheless, 

there is also a clear girdle tendency in the 

direction of the plane containing both the 

cleavage and the bedding poles. Because of the 

only weak cluster tendency of K3 and the girdle 

tendency in the direction of the bedding poles, 

the magnetic fabrics of outcrop CN06 are 

interpreted to reflect a type III intermediate 

magnetic fabric (see Fig. 1.2(a)). 
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Fig. 6.8: Woodcock two-axis plot of the K1 and K3 

distribution for the different outcrop zones of the 

Crozon North (CN) research area. S1, S2, S3 are the 

normalized eigenvalues of the K1 and K3 distribution; 

K expresses the shape of the K1 and K3 distribution 

(girdle/cluster tendency); C is a measure of the 

strength of preferred orientation of K1 and K3, 

respectively. 

The orientation of K1 and K3 with respect to the 

bedding and cleavage is summarized for the 

different outcrop zones in a map of the research 

area showing the values of the (S1 ^ K3)norm 

parameter (Fig. 6.7) and in a Woodcock two-

axis plot (Fig. 6.8). In the (S1 ^ K3)norm 

parameter map, the outcrop zones with a 

type IV magnetic fabric (CN02, CN03 and 

CN05) show consistently a blue color 

(S0 ^ K3 >> S1 ^ K3), whereas the outcrop zones 

with a type III intermediate magnetic fabric 

(CN01, CN04, CN06) show more a blue/green 

to yellow color (S0 ^ K3 ≤ S1 ^ K3). In the 

Woodcock two-axis plot, the K3 distributions 

of tectonic fabric types plot on the left side of the 

line K
K3

 = 2 whereas those of the intermediate 

fabric types plot in between the lines where 

K
K3

 = 1 and K
K3

 = 2. For the K1 distributions, 

the image is less clear. 

Monts d’Arrée slate belt (MASB) research 

area 

The maximum magnetic susceptibility K1 

shows again a dominant NE-SW subhorizontal 

trend for 8 out of 10 outcrop zones in the Monts 

d‘Arrée slate belt research area. In outcrop zone 

MASB08, K1 shows a subhorizontal NW-SE 

trend and in outcrop zone MASB09, K1 plunges 

about 45° to the west (see Appendix 7.1). These 

orientations are similar than the general 

orientation of the fold hinge lines and bedding-

cleavage intersection lineations that can be 

observed in the outcrops. In outcrop zone 

MASB01 to MASB05, MASB07, MASB09 and 

MASB10, the minimum magnetic 

susceptibility K3 shows generally the same 

attitude as observed in the Crozon peninsula 

research areas, i.e. a subhorizontal NW-SE to 

slightly NW plunging trend, although samples 

with a slight SE plunge for K3 also occur 

(especially in MASB09 and MASB10). The 

samples of MASB07 can also have a steeper 

plunge for K3. MASB06 and MASB08 are a bit 

different as they show a more N-S trend for K3 

instead of NW-SE, with generally a northward 

plunge (see Appendix 7.1). Table 6.3 shows K1 

and K3 orientation patterns that can be observed 

for the samples of the Monts d‘Arrée slate belt 

research area and summarizes the analysis of 

the K1 and K3 distribution for each outcrop zone. 

We now discuss the orientation of K1 and K3 

with respect to the macroscopic fabric elements 

by using the rotated sample coordinate system 

(Fig. 6.9). 

For outcrop zone MASB01 (7 samples), K1 

shows a clustered distribution located within the 

cleavage plane but generally oblique with 

respect to the bedding-cleavage intersection 

(Table 6.3). K1 ^ IL(S0-S1) is therefore relatively 

large. Altogether, this results in a cleavage-

parallel girdle tendency for the K1 distribution 

(Woodcock K
K1

 < 1). K3 shows a (weak) cluster 

distribution that is generally parallel to the 

cleavage pole (Table 6.3). However, for all 

samples there is some variation in K3 

orientation. The S1 ^ K3 is smaller than the 

S0 ^ K3, but it seems significant with an average 

value of 14°. The (S1 ^ K3)norm parameter is 

relatively low (consistent blue color in Fig. 6.10). 

The overall K3 distribution of MASB01 shows a 

clear cluster tendency (Woodcock K
K3

 > 2) close 

to the cleavage pole but with a rather weak 

preferred orientation. The general cleavage-pole 

parallel K3 distribution, made us interpret the 

magnetic fabrics of MASB01 as type IV tectonic 

magnetic fabric (see Fig. 1.2(a)). However, the 

scatter of the K3 orientations away from the 

cleavage pole, in a direction seemingly 
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Table 6.3: K1 and K3 orientation patterns and distribution analysis with respect to S0 and S1 for the ten outcrop 

zones of the Monts d‘Arrée slate belt (MASB) research area. 

Outcrop Zone  Occurring orientation patterns of K1 and K3       

MASB01 K1 

: 

1 x cluster IL: BR11TH046; 6 x cluster S1: BR11TH042, -043, -044, -045, -047, -048 

            K3 

: 

6 x cluster S1 pole: BR11TH042, -043, -044, -045, -046, -048; 1 x cluster IM(S0-S1): BR11TH047 

MASB02 K1 

: 

6 x cluster IL: BR11TH050, -052, -054, -055, -056, -058; 5 x cluster S1: BR11TH049, -051, -053, -057, 

-059    

  K3 

: 

3 x cluster S1 pole: BR11TH054, -057, -059; 2 x cluster IM(S0-S1): BR11TH052, -055; 2 x cluster 

(S0+S1): BR11TH053, -058; 1 x girdle (S0-S1): BR11TH056; 3 x cluster oblique: BR11TH049, -050, -051    

MASB03 K1 

: 

4 x cluster IL: BR11TH066, -067, -068, -078; 13 x cluster S1: BR09TH121, -123, -124, -127, -129, -131, 

-132, -133, BR11TH061, -062, -064, -065, -069; 2 x cluster S0: BR11TH070, -071; 2 x cluster oblique: 

BR11TH060, -063 

   

   

  K3 

: 

8 x cluster S1 pole: BR09TH121, -129, -131, -132, BR11TH064, -066, -068, -078; 1 x cluster S0 pole: 

BR11TH070; 1 x cluster IM(S0-S1): BR11TH067; 10 x cluster oblique: BR09TH123, -124, -127, -133, 

BR11TH060, -061, -062, -063, -065, -069, -071 

   

   

MASB04 K1 

: 

2 x cluster IL: BR11TH073, -077; 3 x cluster S1: BR11TH072, -074, -079; 1 x cluster S0: BR11TH080; 

2 x cluster oblique: BR11TH075, -076    

  K3 

: 

4 x cluster S1 pole: BR11TH072, -073, -074, -077; 4 x cluster oblique: BR11TH075, -076, -079, -080 

MASB05 K1 

: 

3 x cluster IL: BR13TH030, -031, -033; 1 x cluster S1: BR11TH082; 2 x girdle S1: BR11TH081, 

BR13TH032    

  K3 

: 

6 x cluster S1 pole: BR11TH081, -082, BR13TH030, -031, -032, -033 

MASB06 K1 

: 

3 x cluster IL: BR13TH024, -025, -026; 2 x cluster S1: BR13TH027, -029; 1 x cluster S0: BR13TH028 

  K3 

: 

3 x cluster S1 pole: BR13TH024, -025, -029; 1 x cluster IM(S0-S1): BR13TH028; 1 x girdle (S0-S1): 

BR13TH026; 1 x cluster oblique: BR13TH027    

MASB07 K1 

: 

4 x cluster IL: BR09TH103, BR13TH013, -017, -018; 3 x cluster S1: BR13TH012, -014, -019; 3 x cluster 

S0: BR09TH108, -112, BR13TH016, 2 x girdle S0: BR09TH107, -111; 1 x cluster oblique: BR13TH015    

  K3 

: 

1 x cluster S1 pole: BR13TH014; 4 x cluster S0 pole: BR09TH107, -108, -111, -112; 3 x IM(S0-S1): 

BR13TH016, -017, -018; 2 x girdle (S0-S1): BR09TH103, BR131TH019; 3 x cluster oblique: BR13TH012, 

-013, -015 

   

   

MASB08 K1 

: 

3 x cluster S1: BR13TH009, -010, -011 

  K3 

: 

3 x cluster S1 pole: BR13TH009, -010, -011 

MASB09 K1 

: 

3 x cluster S1: BR13TH009, -010, -011 

  K3 

: 

3 x cluster oblique: BR13TH009, -010, -011 

MASB10 K1 

: 

1 x cluster IL: BR13TH034; 1 x cluster S1: BR13TH035 

  K3 

: 

2 x cluster S1 pole: BR13TH034, -035         

Outcrop Zone K1 ^ IL(S0-S1) K - K1
distr.

 S0 ^ K3 S1 ^ K3 (S1 ^ K3)norm K - K3
distr.

 Type MF 

MASB01 28° ± 18° 0.41 54° ± 27° 14° ± 6° 0.25 ± 0.15 2.32 Type IV* 

MASB02 31° ± 26° 0.31 26° ± 18° 14° ± 12° 0.37 ± 0.17 1.85 Type IV*  

MASB03 34° ± 23° 0.40 28° ± 20° 16° ± 9° 0.39 ± 0.17 4.36 Type IV* 

MASB04 36° ± 18° 0.42 27° ± 11° 17° ± 14° 0.34 ± 0.15 1.48 Type IV* 

MASB05 16° ± 12° 0.67 23° ± 11° 4° ± 2° 0.13 ± 0.11 4.36 Type IV-V 

MASB06 19° ± 12° 3.43 38° ± 18° 22° ± 15° 0.39 ± 0.12 0.87 Type III 

MASB07 40° ± 31° 0.92 35° ± 26° 30° ± 15° 0.51 ± 0.22 0.52 Type I & III 

MASB08 45° ± 13° 0.73 30° ± 1° 7° ± 2° 0.18 ± 0.06 1.67 Type IV 

MASB09 35° ± 4° 3.24 26° ± 4° 51° ± 4° 0.66 ± 0.03 13.47 Oblique 

MASB10 33° ± 26° 0.22 41° ± 4° 7° ± 2° 0.13 ± 0.04 7.27 Type IV 

Abbreviations: K1 ^ IL(S0-S1) – angle between K1 and the bedding-cleavage intersection; K - K1/K3
distr.

 – Woodcock 

K parameter of the K1 / K3 distribution, respectively; S0/S1 ^ K3 – angle between K3 and the pole to bedding / pole 

to cleavage, respectively; (S1 ^ K3)norm – normalized difference angle between the pole to cleavage and K3 (cf. 

section 2.4.2); Type MF – Type magnetic fabric (cf. Fig. 1.2(a)). 
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Fig. 6.9 (previous page): Rotated orientation data of the principal magnetic susceptibility axes of the 10 outcrop 

zones from the Monts d‘Arrée slate belt (MASB) research area. Plots on the left represent the raw data. Plots on 

the right show the contoured data of the K1 and K3 distribution, from which the Woodcock parameter K (K-K1
distr.

, 

K-K3
distr.

) is calculated. N is the number of specimens analyzed for each outcrop zone. 

unrelated to the orientation of both macroscopic 

fabric elements, is significant. Therefore, we 

define the orientation behavior of the magnetic 

fabrics from the MASB01 outcrop zones as a 

type IV* tectonic magnetic fabric. 

This type IV* magnetic fabrics do not fit in the 

conceptual model described in Fig. 1.2(a). 

Therefore, these magnetic fabrics are 

potentially not related to a pure coaxial 

deformation. This will be further discussed in 

the synthesis part of this section. 

For outcrop zone MASB02 (11 samples), K1 is 

consistently clustered in the cleavage plane. 

There is roughly an equal amount of samples for 

which the K1 orientation is parallel and oblique 

to the bedding-cleavage intersection (Table 6.3). 

The average K1 ^ IL(S0-S1) is relatively large but 

many of the samples with a large K1 ^ IL(S0-S1) 

have a small angle between the bedding and 

cleavage and hence, a poorly constrained 

bedding-cleavage intersection orientation. 

Altogether, the MASB02 K1 distribution shows a 

clear cleavage-parallel girdle tendency 

(Woodcock K
K1

 < 0.5) with a relatively higher 

concentration of K1 axes close to the bedding-

cleavage intersection. The K3 orientation 

patterns of the different samples are somewhat 

variable throughout the outcrop zone. There is a 

small predominance of samples with a K3 

orientation clustered parallel to the cleavage 

pole. But samples with a K3 cluster at an 

intermediate orientation in between both the 

bedding and the cleavage pole or with a K3 

girdle distribution in the plane containing both 

poles also occur. Furthermore, 3 samples have 

a clustered K3 orientation that is oblique to both 

the cleavage pole and the bedding pole (Table 

6.3). Hence, it is a bit artificial to attribute all the 

magnetic fabrics of the outcrop zone to a single 

magnetic fabric type. The presence of the 

samples with a ‗cluster IL(S0-S1)‘ or 

‗girdle (S0-S1)‘ orientation pattern for K3 results 

in some girdle tendency in the direction of the 

poles to bedding (Fig. 6.9). This would indicate a 

type III intermediate magnetic fabric. However, 

as the average S1 ^ K3 is significant but clearly 

smaller than S0 ^ K3, as the (S1 ^ K3)norm 

parameter is dominantly rather low (avg. 

value = 0.37 and dominant blue and blue-green 

colors in Fig. 6.10) and the overall K3 distribution 

shows a cluster distribution (Woodcock K
K3

 > 1) 

with a weak preferred orientation centered 

around the cleavage pole, the MASB02 

magnetic fabrics are altogether best described 

as type IV* tectonic magnetic fabrics. 

For outcrop zone MASB03 (21 samples), K1 

shows dominantly a clustered distribution within 

the cleavage plane and oblique with respect to 

the bedding-cleavage intersection (Table 6.3). 

Hence, the K1 ^ IL(S0-S1) is relatively large. In 

the MASB03 stereonet, a pronounced girdle 

distribution (Woodcock K
K1

 < 0.5) within the 

cleavage plane can be observed for K1. Based 

on the K3 orientation, the MASB03 samples can 

be subdivided in two groups: one with a 

clustered K3 parallel to the cleavage pole and 

one with a K3 that is clustered in an oblique 

orientation with respect to both the bedding and 

cleavage pole (Table 6.3). This results in a 

considerably large average S1 ^ K3. It is, 

however, clearly lower than S0 ^ K3 and the 

(S1 ^ K3)norm parameter is generally < 0.5 (light 

blue colors in Fig. 6.10). Altogether, the K3 

distribution is strongly clustered (Woodcock 

K
K3

 > 4) with a weak preferred orientation 

centered around the cleavage pole. So, the 

magnetic fabrics of MASB03 are interpreted to 

reflect a type IV* tectonic magnetic fabric. 

For outcrop zone MASB04 (8 samples), K1 

shows dominantly a clustered distribution within 

the cleavage plane that can be either parallel or 

oblique with respect to the bedding-cleavage 

intersection. There are also 2 samples with a 

clustered K1 orientation somewhat oblique to the 

cleavage plane (Table 6.3). The average 

K1 ^ IL(S0-S1) is relatively large. The overall K1 

distribution shows a number of scattered 

clusters within or close to the cleavage plane, 

resulting in a more or less cleavage-parallel 

girdle distribution (Woodcock K
K1

 < 1, Fig. 6.9). 

K3 is again either clustered parallel to the 

cleavage pole or oblique with respect to both the 

bedding pole and the cleavage pole (Table 6.3). 

This results in a considerably large average 
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S1 ^ K3. It is, however, clearly lower than S0 ^ K3 

and the (S1 ^ K3)norm parameter is generally 

rather low, i.e. < 0.40 (blue colors in Fig. 6.10). 

The overall K3 distribution shows a cluster 

tendency (Woodcock K
K3

 > 1) parallel to the 

pole to the cleavage with a rather weak 

preferred orientation. Furthermore, there are 

also two clusters in an oblique orientation. This 

orientation behavior is interpreted to reflect a 

type IV* tectonic magnetic fabric. 

For outcrop zone MASB05 (6 samples), K1 

shows a clustered orientation within the 

cleavage plane and more or less parallel to the 

bedding-cleavage intersection for 4 out of 6 

samples. For the other two samples, K1 shows a 

girdle distribution within the cleavage plane 

(Table 6.3). The average K1 ^ IL(S0-S1) is 

considerably smaller than in MASB01-MASB04. 

The K1 distribution shows a cleavage-parallel 

girdle tendency (Woodcock K
K1

 < 1) with a very 

pronounced maximum concentration of K1 axes 

parallel to the bedding-cleavage intersection. K3 

is consistently clustered parallel to the cleavage 

pole. The average S1 ^ K3 is very small, i.e. only 

4° and hence, the (S1 ^ K3)norm parameter is very 

low (dark blue colors in Fig. 6.10). The overall K3 

distribution shows a pronounced cluster 

tendency (Woodcock K
K3

 > 4) parallel to the 

cleavage pole and with a stronger preferred 

orientation relative to MASB01-04. Therefore, 

the magnetic fabrics of MASB05 are interpreted 

as a ‗pure‘ type IV to type V tectonic magnetic 

fabric (see Fig. 1.2(a)). 

For outcrop zone MASB06 (6 samples), K1 is 

dominantly clustered within the cleavage plane 

and closely associated to the bedding-cleavage 

intersection (Table 6.3). The average K1 ^ IL(S0-

S1) is relatively small and the overall K1 

distribution shows a strongly clustered tendency 

(Woodcock K
K1

 > 3) within the cleavage plane at 

a small angle with respect to the bedding-

cleavage intersection. K3 shows again a more 

variable orientation with respect to the 

macroscopic fabric elements. It can be clustered 

parallel to the cleavage pole, at an intermediate 

orientation in between the poles to bedding and 

cleavage, at an oblique orientation with respect 

to both poles, or show a girdle distribution in the 

plane containing both poles (Table 6.3). Looking 

at the overall behavior, both S0 ^ K3 and S1 ^ K3 

are considerable, but the latter is clearly lower. 

This is also reflected in the (S1 ^ K3)norm 

parameter that shows, despite some variation, 

an average value clearly below 0.5 (dominance 

of blue colors in Fig. 6.10). Altogether, the K3 

distribution shows a girdle tendency (Woodcock 

K
K3

 < 1) in the plane containing both the 

cleavage pole and the bedding poles and with a 

maximum concentration of K3 orientations close 

to the cleavage pole. It is again a bit artificial to 

attribute this outcrop zone to a single magnetic 

fabric type. But the overall girdle tendency of K3 

within the plane containing both poles and the 

generally large S1 ^ K3 made us interpret the 

magnetic fabrics of MASB06 as a type III 

intermediate magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone MASB07 (13 samples), the 

samples of the SR09 outcrop (see Appendix 2) 

have a K1 that is either clustered in the bedding 

plane, and clearly oblique with respect to the 

bedding-cleavage intersection, or otherwise 

shows a girdle distribution within the bedding 

plane. The other samples have a K1 that is 

clustered in an orientation close to the bedding-

cleavage intersection or within the cleavage 

plane (if the bedding is not determined) (Table 

6.3). The average K1 ^ IL(S0-S1) is very large, 

which is mainly do the samples of the SR09 

outcrop. In the MASB07 stereoplot, both a 

cluster tendency parallel to the bedding-

cleavage intersection and an incomplete girdle 

tendency within the bedding plane (N-dipping) 

can be observed. For the samples of the SR09 

outcrop, the K3 orientation is consistently 

clustered close to the orientation of the bedding 

pole. For the other samples, the K3 orientation is 

clustered either at an intermediate orientation in 

between the pole to bedding and the pole to 

cleavage, or at an oblique orientation with 

respect to both the pole to bedding and the pole 

to cleavage, or showing a girdle distribution in 

the plane containing both poles(Table 6.3). 

Altogether, S0 ^ K3 and S1 ^ K3 are both rather 

large. The (S1 ^ K3)norm parameter is above 0.5 

in outcrop SR09 (yellow color in Fig. 6.10) and 

generally below 0.5 in the other outcrops (blue 

colors in Fig. 6.10). The overall K3 distribution 

has a clear girdle tendency (Woodcock K
K3

 < 1) 

in the plane containing both the pole to cleavage 

and the pole to bedding. The samples of SR09 

are interpreted to reflect a type I sedimentary 

magnetic fabric and those of the other outcrops 

a type III magnetic fabric (see Fig. 1.2(a)). 
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Fig. 6.10: Map of the Monts d‘Arrée slate belt (MASB) research area (MASB01 – MASB10) showing the 

normalized difference between the cleavage pole and K3, i.e. (S1 ^ K3)norm, for the investigated outcrops. The data 

is averaged per sample or for a group of samples if sample locations are close. (see Appendix 2). 

For outcrop zone MASB08 (3 samples), K1 is 

consistently clustered within the cleavage plane 

in an orientation that is clearly oblique with 

respect to the bedding-cleavage intersection, i.e. 

K1 ^ IL(S0-S1) is on average 45° (Table 6.3). 

Altogether, this results in a cleavage-parallel 

distribution with a weak girdle tendency for the 

K1 distribution (Woodcock K
K1

 < 1). K3 is 

consistently parallel to the cleavage pole and 

strongly clustered (Table 6.3). Its S1 ^ K3 is on 

average only 7°, which is much smaller than 

S0 ^ K3. Hence, the (S1 ^ K3)norm parameter is 

very low (dark blue color in Fig. 6.10). The 

cleavage-parallel cluster tendency of K3 

(Woodcock K
K3

 > 1) is clearly visible in the 

MASB08 stereoplot. The magnetic fabrics of 

MASB08 are interpreted to reflect a type IV 

tectonic magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone MASB09 (3 samples), a 

similar K1 behavior as that of MASB08 can be 

observed. K1 is consistently clustered within the 

cleavage plane but oblique with respect to the 

bedding-cleavage intersection (Table 6.3). 

K1 ^ IL(S0-S1) is again relatively large. The K3 

orientation of all three samples is clustered in an 

orientation that is oblique both with respect to 

the bedding pole and the cleavage pole, i.e. 

S0 ^ K3 and S0 ^ K3 are both relatively large 

(yellow in Fig. 6.10, Table 6.3). In the MASB09 

stereonet, this extremely strong cluster tendency 

of K3 (Woodcock K
K3

 > 13) in an oblique 

orientation is clearly apparent. Hence, the 

magnetic fabrics of MASB09 are not related to 

the macroscopic fabric elements and they 

cannot be attributed to one of the progressive 

magnetic fabric types. 

For outcrop zone MASB10 (2 samples), K1 is 

clustered within the cleavage plane for both 

samples, and for one of them it is also parallel to 

the bedding-cleavage intersection (Table 6.3). 

The two cleavage-parallel K1 clusters are clearly 

visible in the MASB10 stereoplot. K3 is 

consistently parallel to the cleavage pole and 

strongly clustered (Table 6.3). Its S1 ^ K3 is on 

average only 7°, which is much smaller than 

S0 ^ K3. Hence, the (S1 ^ K3)norm parameter is 

very low (dark blue color in Fig. 6.10). The 

cleavage-parallel cluster tendency of K3 

(Woodcock K
K3

 > 1) is clearly visible in the 

MASB10 stereoplot. The magnetic fabrics of 

MASB10 are interpreted to reflect a type IV 

tectonic magnetic fabric (see Fig. 1.2(a)). 

The orientation of K1 and K3 with respect to the 

bedding and cleavage is summarized for the 

different outcrop zones in a map of the research 

area showing the values of the (S1 ^ K3)norm 

parameter (Fig. 6.10) and in a Woodcock two-

axis plot (Fig. 6.11). In the (S1 ^ K3)norm 

parameter map, the outcrop zones with a 

type IV magnetic fabric (MASB05, MASB08 and  
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Fig. 6.11: Woodcock two-axis plot of the K1 and K3 

distribution for the different outcrop zones of the 

Monts d‘Arrée slate belt (MASB) research area. S1, 

S2, S3 are the normalized eigenvalues of the K1 and 

K3 distribution; K expresses the shape of the K1 and 

K3 distribution (girdle/cluster tendency); C is a 

measure of the strength of preferred orientation of K1 

and K3, respectively. 

MASB10) show very consistently a dark blue 

color (S0 ^ K3 >> S1 ^ K3). The outcrop zones 

with a type IV* magnetic fabric (MASB01, 

MASB02, MASB03 and MASB04) show 

dominantly a blue color (S0 ^ K3 >> S1 ^ K3), 

however, many outcrop also have a light blue to 

green color (S0 ^ K3 ≈ S1 ^ K3). The latter often 

represents magnetic fabrics with an oblique K3 

orientation pattern. The outcrop zones with a 

type III or a combined type I & III magnetic fabric 

(MASB06 and MASB07, respectively) show a 

variable color on the (S1 ^ K3)norm parameter 

map (S0 ^ K3 ≥ S1 ^ K3). Finally, outcrop zone 

MASB09, with its oblique magnetic fabrics, has 

an orange color (S0 ^ K3 < S1 ^ K3).  

In the Woodcock two-axis plot (Fig. 6.11), the 

cluster/girdle tendency of the K1 and K3 

distributions for the different outcrop zones is 

visualized. Of the K3 distributions, the outcrop 

zones with a type III and type I & III magnetic 

fabric (MASB06 and MASB07, respectively) are 

the only to show a girdle tendency, i.e. they plot 

on the right side of the line K
K3

 = 1. The outcrop 

zones with a type IV to IV magnetic fabric 

(MASB05, MASB08 and MASB10) have a 

clustered distribution, i.e. they plot in between 

the lines where K
K3

 = 1 and K
K3

 = 5, and a 

strong preferred orientation, i.e. they plot on the 

right side of the line C
K3

 = 6. The outcrop zones 

with a type IV* magnetic fabric (MASB01, 

MASB02, MASB03 and MASB04) show a 

similar cluster tendency than those from type IV 

but clearly have a weaker preferred orientation, 

i.e. they plot on the lower side of the line 

C
K3

 = 5. Finally, outcrop zone MASB09 with its 

oblique magnetic fabrics (with respect to 

bedding and cleavage), has a strong preferred 

orientation and a very pronounced cluster 

tendency. Of the K1 distributions, the outcrop 

zones with a type  IV (MASB05, MASB08 and 

MASB10) and those with a type IV* (MASB01, 

MASB02, MASB03 and MASB04) show a girdle 

distribution, i.e. they plot on the right side of the 

line K
K1

 = 1, whereas MASB06 with a type III 

magnetic fabric plots on the left side of this line 

and hence, shows a cluster distribution. 

MASB07 shows a girdle distribution for its type I 

samples (outcrop SR09) and a cluster 

distribution for the other samples. Together this 

results in a K1 distribution that roughly plots on 

the line K
K1

 = 1. Finally, MASB09 with its oblique 

magnetic fabrics shows a strong cluster 

distribution for K1, i.e. it plots left of the line 

K
K1

 = 2. 

Montagnes Noires slate belt (MNSB) 

research area 

The maximum magnetic susceptibility K1 

generally shows a rather steep (50 to 80°) E-

plunging orientation in outcrop zones MNSB01 

and MNSB03. In outcrop zone MNSB02, a 

similar trend can be observed, albeit with a 

shallow plunge (25 to 45°) (see Appendix 7.1). 

These orientation are similar as the orientation 

of the fold hinge lines and bedding-cleavage 

intersection lineations observed in the outcrop. 

The minimum magnetic susceptibility K3 

shows a dominant N-S trending, subhorizontal 

orientation for outcrop zone MNSB01 and 

MNSB03. For outcrop zone MNSB02, a rather 

steep (45 to 60°) NW to W-plunging orientation 

is observed (see Appendix 7.1). Table 6.4 

shows the K1 and K3 orientation patterns that 

can be observed for the samples of the 

Montagnes Noires slate belt research area and 

summarizes the analysis of the K1 and K3 

distribution for each outcrop zone. We now 

discuss the orientation of K1 and K3 with respect 
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Table 6.4: K1 and K3 orientation patterns and distribution analysis with respect to S0 and S1 for the three outcrop 

zones of the Montagnes Noires slate belt (MNSB) research area. 

Outcrop Zone  Occurring orientation patterns of K1 and K3       

MNSB01 K1 

: 

5 x cluster S1: BR13TH001, -002, -003, -004, -005 

 K3 

: 

5 x cluster S1 pole: BR13TH001, -002, -003, -004, -005 

MNSB02 K1 

: 

3 x cluster IL: BR13TH006, -007, -008 

 K3 

: 

3 x cluster S1 pole: BR13TH006, -007, -008 

MNSB03 K1 

: 

11 x cluster IL: BR09TH142, -148, -152, -155, -157, -159, -160, -161, -162, -164, -166; 7 x cluster S1: 

BR09TH143, -149, -153, -154, -156, -158, -164; 3 x cluster S0: BR09TH144, -150, -151    

  K3 

: 

6 x cluster S1 pole: BR09TH142, -148, -149, -152, -154, -161 ; 2 x cluster S0 pole: BR09TH151, -155 ; 

3 x cluster IM(S0-S1): BR09TH143, -150, -157; 8 x girdle (S0-S1): BR09TH144, -158, -159, -160, -162, 

-163, -164, -166 ; 2 x cluster (S0+S1): BR09TH153, -156  
   

   

Outcrop Zone K1 ^ IL(S0-S1) K - K1
distr.

 S0 ^ K3 S1 ^ K3 (S1 ^ K3)norm K - K3
distr.

 Type MF 

MNSB01 53° ± 21° 0.24 18° ± 8° 5° ± 3° 0.24 ± 0.06 31.39 Type IV-V 

MNSB02 4° ± 3° 2.58 44° ± 7° 4° ± 2° 0.08 ± 0.03 3.75 Type IV 

MNSB03 17° ± 10° 0.80 25° ± 19° 15° ± 13° 0.41 ± 0.24 1.18 Type III 

Abbreviations: K1 ^ IL(S0-S1) – angle between K1 and the bedding-cleavage intersection; K - K1/K3
distr.

 – Woodcock 

K parameter of the K1 / K3 distribution, respectively; S0/S1 ^ K3 – angle between K3 and the pole to bedding / pole 

to cleavage, respectively; (S1 ^ K3)norm – normalized difference angle between the pole to cleavage and K3 (cf. 

section 2.4.2); Type MF – Type magnetic fabric (cf. Fig. 1.2(a)). 

to the macroscopic fabric elements by using the 

rotated sample coordinate system (Fig. 6.12). 

For outcrop zone MNSB01 (5 samples), K1 is 

consistently clustered within the cleavage plane 

in an orientation that is clearly oblique to the 

bedding-cleavage intersection, resulting in a 

very large K1 ^ IL(S0-S1) (Table 6.4). These 

different clusters result altogether in a cleavage-

parallel girdle tendency (Woodcock K
K1

 > 1) for 

the K1 distribution. K3 is consistently parallel to 

the cleavage pole and strongly clustered (Table 

6.4). Its S1 ^ K3 is on average only 5° and the 

(S1 ^ K3)norm parameter is very low (blue color in 

Fig. 6.13). Consequently, an extremely strong 

and cleavage-parallel cluster tendency 

(Woodcock K
K3

 > 30) can be observed for the K3 

distribution. The magnetic fabrics of MNSB01 

are interpreted to reflect a type IV to type V 

tectonic magnetic fabric (see Fig. 1.2(a)). 

For outcrop zone MNSB02 (3 samples), K1 is 

consistently clustered parallel to the bedding-

cleavage intersection (Table 6.4). The 

correspondence between K1 and bedding-

cleavage intersection is very pronounced as 

K1 ^ IL(S0-S1) is extremely small. This is also 

reflected by the clear cluster tendency of K1 

(Woodcock K
K1

 > 2) in the MNSB02 stereoplot. 

The K3 orientations show a similar behavior as 

those of MNSB01. They are consistently 

clustered parallel to the cleavage pole (Table 

6.4), the S1 ^ K3 is very small and the 

(S1 ^ K3)norm parameter extremely low (dark blue 

color in Fig. 6.13). Consequently, a very strong 

and cleavage-parallel cluster tendency 

(Woodcock K
K3

 > 3) can be observed for the K3 

distribution. Because of the bedding-cleavage 

intersection parallel K1 distribution, the magnetic 

fabrics of MNSB02 are interpreted to reflect a 

type IV tectonic magnetic fabric (see 

Fig. 1.2(a)). 

For outcrop zone MNSB03 (21 samples), K1 is 

dominantly clustered in the cleavage plane. 

There a samples for which the K1 orientation is 

parallel to the bedding-cleavage intersection and 

samples for which K1 is oblique to the bedding-

cleavage intersection. The former are a bit more 

numerous (Table 6.4). The average K1 ^ IL(S0-

S1) is also relatively low. Altogether, K1 shows a 

girdle distribution (Woodcock K
K1

 < 1) within the 

cleavage plane with a higher concentration of K1 

orientations close to the bedding-cleavage 

intersection. The MNSB03 K3 shows a more 

variable orientation with respect to the 

macroscopic fabric elements. It can be either 

clustered parallel to the cleavage pole, parallel 

to the bedding pole or in an intermediate 

orientation in between both poles. Furthermore, 

there is also a large group of samples that 

shows a girdle distribution for K3 in the plane 

containing both the bedding pole and the 

cleavage pole (Table 6.4). The variable behavior 



CHAPTER 6 REGIONAL MAGNETIC FABRIC ANALYSIS 

100 

 

Fig. 6.12: Rotated orientation data of the principal magnetic susceptibility axes of the 3 outcrop zones from the 

Montagnes Noires slate belt (MNSB) research area. Plots on the left represent the raw data. Plots on the right 

show the contoured data of the K1 and K3 distribution, from which the Woodcock parameter K (K-K1
distr.

, K-K3
distr.

) 

is calculated. N is the number of specimens analyzed for each outcrop zone. 

 

Fig. 6.13: Map of the Montagnes Noires slate belt (MNSB) research area (MNSB01 – MNSB03) showing the 

normalized difference between the cleavage pole and K3, i.e. (S1 ^ K3)norm, for the investigated outcrops. The data 

is averaged per sample or for a group of samples if sample locations are close. (see Appendix 2). 

of K3 with respect to the macroscopic fabric 

poles is also reflected by the relatively large 

variation in S1 ^ K3, S0 ^ K3 and the (S1 ^ K3)norm 

parameter. On average, S1 ^ K3 is smaller than 

S0 ^ K3 and (S1 ^ K3)norm < 0.5 (light blue to 

green color in Fig. 6.13). Altogether, there is a 

weak cluster tendency of K3 (Woodcock K
K3

 > 1) 

with the center of the cluster oriented in between 

the cleavage pole and the bedding poles. 

However, also some girdle tendency in the 

plane containing both the cleavage pole and the 

bedding poles can be observed. Therefore, the 

magnetic fabric of outcrop zones MNSB03 are 

interpreted as a type III intermediate magnetic 

fabric (see Fig. 1.2(a)). 

The orientation of K1 and K3 with respect to the 

bedding and cleavage is summarized for the 

different outcrop zones in a map of the research 

area showing the values of the (S1 ^ K3)norm 

parameter (Fig. 6.13) and in a Woodcock two-

axis plot (Fig. 6.14). The difference between the  
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outcrop zones MNSB01 and MNSB02 with a 

type IV magnetic fabric and outcrop zone 

MNSB03 with a type III intermediate fabric is 

apparent in the (S1 ^ K3)norm parameter map, 

i.e. a dominant blue color (S0 ^ K3 >> S1 ^ K3) for 

the former and a blue/green color 

(S0 ^ K3 ≥ S1 ^ K3) for the latter. In the 

Woodcock two-axis plot (Fig. 6.14), the K3 

distributions of the two outcrop zones with a 

type IV magnetic fabric (MNSB01 and MNSB02) 

show a strong cluster tendency, i.e. they plot on 

the left side of the line K
K3

 = 2. The K3 of 

MNSB03 with its type III magnetic fabric plots 

close to the girdle/cluster transition line. The K1 

distributions of MNSB01 and MNSB02 are 

markedly different. MNSB02 is an archetypical 

type IV magnetic fabric (see Fig. 1.2(a)) with a 

pronounced cluster distribution for K1, i.e. it plots 

on the left side of the line K
K1

 = 2. MNSB01 on 

the other hand, shows a pronounced girdle 

distribution for K1, which is more typical for a 

type V magnetic fabric (see Fig. 1.2(a)). Finally, 

the MNSB03 K1 distribution plots close the 

girdle/cluster transition. 

Discussion and synthesis 

Magnetic fabrics showing a relationship with the 

macroscopic fabric elements 

The orientation of the magnetic fabrics in the 

CAD shows a convincing relationship with the 

orientation of the macroscopic bedding and 

cleavage in a majority of the samples. This 

observation suggests that these magnetic 

fabrics reflect a rock fabric that is the result of 

the superposition of a cleavage-parallel tectonic 

fabric on a bedding-parallel 

sedimentary/compaction fabric (cf. Fig. 1.2). 

Based on the occurring K1 and K3 orientation  

patterns (cf. Fig. 6.1 and Fig. 6.2) and an 

analysis of the K1 and K3 distribution for each 

outcrop zone, the magnetic fabrics of each 

outcrop zone have been attributed to one of the 

magnetic fabric types described in Fig. 1.2(a) 

(see Table 6.1, Table 6.2, Table 6.3 and Table 

6.4). We found that the investigated outcrop 

zones of the CAD dominantly show either a 

type III intermediate magnetic fabric or a 

type IV tectonic magnetic fabric. Both fabric 

types have been observed in all 4 research 

areas. Besides the omnipresence of type III or 

type IV magnetic fabrics, the CS and the MASB  

 

Fig. 6.14: Woodcock two-axis plot of the K1 and K3 

distribution for the different outcrop zones of the 

Montagnes Noires slate belt research area. S1, S2, S3 

are the normalized eigenvalues of the K1 and K3 

distribution; K expresses the shape of the K1 and K3 

distribution (girdle/cluster tendency); C is a measure 

of the strength of preferred orientation of K1 and K3, 

respectively. 

research area have one outcrop (zone), i.e. 

CS07 and SR09 of MASB07, with a sedimentary 

magnetic fabric type, i.e. K3 is consistently 

clustered parallel to the bedding pole. These are 

assigned a type I-II and type I magnetic fabric, 

respectively. Furthermore, in the CS, MASB and 

MNSB research area, one of the type IV outcrop 

zones also shows some characteristics of a 

type V magnetic fabric, i.e. K1 starts to show a 

girdle distribution within the cleavage plane. 

Therefore, CS02, MASB05 and MNSB01 are 

assigned a type IV-V magnetic fabric. 

Fig. 6.15 shows a Woodcock two-axis plot for 

the K1 and K3 distributions from the outcrop 

zones of the four different research areas. 

Because the CAD shows dominantly outcrop 

zones with a type III or a type IV magnetic 

fabric, the Woodcock K parameter of the K3 

distribution (K
K3

), which defines its cluster/girdle 

tendency, could be a promising proxy for the 

degree of magnetic fabric evolution according 

to the model presented in Fig. 1.2(a). Looking at 

the K
K3

 values of the CAD outcrop zones (Fig. 

6.15(b)), the line Woodcock K
K3

 = 2 seems to 

mark more or less the transition from type III 
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Fig. 6.15: Woodcock two-axis plot of (a) the K1 and (b) K3 distribution for the different outcrop zones in the four 

research areas of the CAD. S1, S2, S3 are the normalized eigenvalues of the K1 and K3 distribution; K expresses 

the shape of the K1 and K3 distribution (girdle/cluster tendency); C is a measure of the strength of preferred 

orientation of K1 and K3, respectively. 

to type IV. All type III outcrop zones (black 

markers) have a K
K3

 < 2, whereas the type IV 

outcrop zones (white markers) have a K
K3

 > 2, 

except for MASB08 (K
K3

 = 1.67). Note that this 

last outcrop zone contains only 3 samples and 

the girdle tendency is not directed in the plane 

containing both the pole to cleavage and the 

poles to bedding (Fig. 6.9). The three outcrop 

zones with a type IV-V magnetic fabric (CS02, 

MASB05 and MNSB01) consistently show a 

relatively high K
K3

 (6.3, 4.4 and 31.4, 

respectively). This suggests K
K3

 may continue to 

increase when the magnetic fabric in an outcrop 

zone evolves from a type IV to a type V 

magnetic fabric. 

The K1 distribution of the CAD outcrop zones 

also shows some difference in the Woodcock K 

parameter (K
K1

) in between the outcrop zones 

with a type III and those with a type IV magnetic 

fabric (Fig. 6.15(a)), albeit less clear than the 

difference in K
K3

. The type III outcrop zones 

have a (bedding-cleavage intersection parallel) 

cluster or weak girdle tendency for the K1 

distribution, i.e. K
K1

 > 0.5. The type IV outcrop 

zones on the other hand have generally a more 

profound girdle tendency (within the cleavage 

plane) for the K1 distribution, i.e. K
K1

 < 1. There 

are however two exceptions, i.e. CN03 and 

MNSB02, that show a strongly clustered K1 

distribution, i.e. K
K1

 > 2. Note that these two 

outcrop zones contain only 3 samples each. 

So, in a regional magnetic fabric study, in which 

both magnetic fabrics from type III and type IV 

are occurring, applying Woodcock statistics on 

the K1 and K3 distributions seems a promising 

tool to characterize the orientation behavior 

of the magnetic fabrics, with respect to the 

macroscopic fabric elements, for a group of 

samples (our outcrop zones). The rotated 

sample coordinate system allows us to use the 

tool for samples with a different orientation of 

the magnetic fabric orientations. In particular, 

the K
K3

 parameter is of interest because it 

defines the girdle/cluster tendency of the K3 

orientations. However, we should remain 

cautious when interpreting the Woodcock K 

parameters for different outcrop zones. This is 

because the number of samples and specimens 

(and hence, the amount of data points, from 

which the K1 and K3 distributions are calculated) 

differs strongly for the different outcrop zones 

and because outcrop zones, which consistently 

show a small angle between the bedding pole 

and the cleavage pole, will show a relatively 

stronger cluster tendency than outcrop zones 

with a larger angle between both poles. 
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Fig. 6.15(b) and the orientation data of the 

different research areas shown in Table 6.1, 

Table 6.2, Table 6.3 and Table 6.4 make it clear 

that there is no simple regional pattern in the 

occurrence of the different magnetic fabric 

types within the CAD. Firstly, within all four 

research areas, which internally have a rather 

homogeneous deformation character, we can 

observe outcrop zones with both a type III and a 

type IV magnetic fabric. The CS, MASB and 

MNBS research areas also have an outcrop 

zone with a type IV-V magnetic fabric and the 

CS and MASB research area have an outcrop 

zone with a type I-II and partially a type I 

magnetic fabric. So, despite the uniform 

deformation character of the individual research 

areas and the differences between them (see 

section 4.1), the variation in magnetic fabrics 

within a research area seems to be larger than 

that in between the different research areas. 

Secondly, within the individual research areas, 

the distribution of the different magnetic fabric 

types seems to be random, i.e. there is no 

regional pattern in the occurrence of the 

different magnetic fabric types. This is visualized 

by the maps showing the value of the 

S1 ^ K3)norm parameter, which all show a 

seemingly random color pattern (Fig. 6.4, Fig. 

6.7, Fig. 6.10, Fig. 6.13). Thirdly, also within a 

single outcrop zone there can be a large variety 

in the occurring K1 and K3 orientation patterns, 

making it sometimes a bit artificial to attribute 

the outcrop zone to a single magnetic fabric 

type, e.g. CN01, CN06 and MASB02, MASB06. 

Based on these observations, we have to 

conclude that the occurrence of the different 

types of magnetic fabrics of the different 

outcrop zones cannot be (uniquely) 

explained by the amount of strain. This would 

have resulted in a much more consistent 

regional pattern. Therefore, a new research 

question can be raised: which other factors 

are controlling the observed variation in 

magnetic fabric types? 

Magnetic fabrics obliquely oriented with respect 

to the macroscopic fabric elements 

Although the majority of the samples shows a 

relationship between the orientation of the 

magnetic fabric and the macroscopic fabric 

elements, we have also observed samples with 

a K1 and/or K3 orientation that is oblique with 

respect to both the bedding pole and the 

cleavage pole. The magnetic fabric of these 

samples does not comply with the progressive 

evolutionary model associated with ongoing 

coaxial deformation that is described in Fig. 1.2. 

They are dominantly present in outcrop zone 

MASB01 to MASB04 and in MASB09. 

Oblique orientation patterns do occur also in 

other outcrop zones but only for one or two 

samples and the mismatch angle with the 

macroscopic fabric elements is never very large. 

For MASB01 to MASB04, the K3 distribution 

shows a cluster tendency parallel to the pole to 

cleavage, which is typical for a type IV magnetic 

fabric (Fig. 6.9). However, the presence of 

samples with an oblique orientation pattern 

results overall in a relatively weaker ‗preferred 

orientation‘ of K3 for the outcrop zones with a 

type IV* tectonic magnetic fabric compared to 

the outcrop zones with a ‗pure‘ type IV tectonic 

magnetic fabric (i.e. MASB05, MASB08 and 

MASB10). Looking at the Woodcock C 

parameter of the K3 distribution (C
K3

), which is a 

measure of the preferred orientation of the K3 

distribution, the type IV* outcrop zones of the 

MASB research area (white circle markers with 

dashed line) have indeed a C
K3

 < 5 whereas the 

type IV outcrop zones of the MASB research 

area (white circle markers) have a C
K3

 > 6 (Fig. 

6.11, Fig. 6.15(b)). Finally, in outcrop zone 

MASB09, all samples have a K3 orientation that 

is clustered oblique with respect to both the 

bedding pole and the cleavage pole. 

Consequently, the overall K3 distribution is 

unrelated to the macroscopic fabric elements. 

None of the magnetic fabric types described in 

Fig. 1.2(a) can be attributed to this outcrop 

zone. 

These oblique magnetic fabrics in outcrop zone 

MASB01 to MASB04 and MASB09 are not, or 

not uniquely, related to a coaxial contraction-

dominated deformation path, which causes a 

superposition of a cleavage-parallel tectonic 

fabric on a bedding-parallel 

sedimentary/compaction fabric. As both 

macroscopic fabric elements are clearly present 

in these outcrop zones, another non-coaxial 

process must have caused a reorientation of the 

‗magnetic‘ particles or a crystallization of new 

and more dominant magnetic particles. Three 

candidate processes can be suggested: (1) 
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secondary, crenulation cleavage development, 

(2) post-deformational chloritoid crystallization 

and (3) fabric alteration by post contractional 

wrench structures. The structures resulting from 

all three these processes have been observed in 

the actual Monts d‘Arrée by Darboux and 

Garreau [1976] and van Noorden [2007] (see 

section 4.1.3, 4.2.2 and 4.2.3). The presence of 

one or more of these structures in some of the 

samples of MASB01 to MASB04 and in all three 

samples of MASB09 could explain the oblique 

orientation patterns for K1 and/or K3 in these 

outcrop zones. It must be clear that in any case 

these magnetic fabrics are altered by a non-

coaxial process posterior to the contraction-

dominated deformation phase, which is 

responsible for the regional cleavage 

development. Therefore, these magnetic fabrics 

cannot serve as a proxy for the amount of 

strain. 

6.1.2 Quantifying the AMS 

In this section, the quantitative low-field RT-AMS 

results are presented. As the goal of the 

regional study is to determine whether the 

magnetic anisotropy can be used as a proxy for 

the intensity of the mineral textures (or mineral 

preferred orientations), we are particularly 

interested in the regional variation of the 

(Jelínek) anisotropy parameters, i.e. the 

corrected degree of anisotropy (PJ) and the 

shape parameter (T). Therefore, maps will be 

presented that show the average bulk magnetic 

susceptibility (Km), PJ and T per sample or per 

group of sample in the case of close sample 

location (see Appendix 2 for a list of all samples 

and outcrops). We will also investigate how this 

variation is linked to the variation in magnetic 

fabric types observed for the different outcrop 

zones of the CAD (see section 6.1.1) and how 

the different AMS parameters relate to each 

other. For this, three scatter plots are created 

per outcrop zone, which show the average Km, 

PJ and T plotted against each other. The 

eigenvalues of the low-field RT-AMS tensors, 

the Km and the anisotropy parameters PJ and T 

of all analyzed specimens are listed in 

Appendix 8. 

Crozon fold-and-thrust belt: Crozon South 

(CS) research area 

Km ranges from 133 to 709 x 10
-6

 [SI] in the CS 

research area and most specimens have a 

value in between 300 and 450 x 10
-6

 [SI] (Table 

6.5). The variation of the different specimens 

from a single sample is rather limited, i.e. on 

average 18 x 10
-6

 [SI]. The map with the 

average Km shows that Km varies randomly 

throughout the CS01 to CS06 section. Also, 

CS07 shows a similar value (Fig. 6.16). 

PJ ranges from 1.02 (nearly isotropic) to 1.19 but 

preferentially range between 1.05 and 1.10 

(Table 6.5). It is very consistent for the different 

specimens from a single sample, i.e. the 

average standard deviation per sample is only 

0.005. The CS map for the PJ parameter shows 

dominantly low values (blue colors) for the 

CS03, CS05 and CS06 outcrop zones, variable 

values (blue and green colors) for the CS01 and 

CS02 outcrop zones and generally rather high 

values (green, yellow and red) for the CS04 and 

CS07 outcrop zones (Fig. 6.17(a-b)). 

Table 6.5: Average RT-AMS of the Crozon South (CS) research area and its outcrop zones. 

 
Abbreviations: K1,2,3 - Eigenvalues of the magnetic tensor; Km - bulk magnetic susceptibility; T - (Jelinek) shape 
parameter; PJ – Corrected degree of anisotropy (see section 2.4.1 and 2.4.3 for a definition of the parameters). 

Outcrop Zone K1 K2 K3 Km (x 10
-6

 [SI]) PJ T

CS01 1.03 ± 0.01 1.01 ± 0.01 0.96 ± 0.01 300 ± 030 1.08 ± 0.02 0.46 ± 0.29

CS02 1.03 ± 0.01 1.01 ± 0.01 0.95 ± 0.02 402 ± 082 1.09 ± 0.03 0.49 ± 0.33

CS03 1.03 ± 0.01 1.01 ± 0.01 0.97 ± 0.01 326 ± 038 1.07 ± 0.02 0.33 ± 0.26

CS04 1.04 ± 0.01 1.03 ± 0.01 0.93 ± 0.01 466 ± 165 1.13 ± 0.03 0.76 ± 0.05

CS05 1.04 ± 0.01 1.00 ± 0.00 0.97 ± 0.01 383 ± 077 1.08 ± 0.02 -0.21 ± 0.19

CS06 1.03 ± 0.01 0.99 ± 0.01 0.97 ± 0.01 371 ± 060 1.06 ± 0.01 -0.37 ± 0.26

CS07 1.04 ± 0.00 1.03 ± 0.00 0.93 ± 0.00 402 ± 006 1.13 ± 0.00 0.82 ± 0.04

Crozon South 1.03 ± 0.01 1.01 ± 0.01 0.96 ± 0.02 373 ± 084 1.08 ± 0.03 0.21 ± 0.49
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Fig. 6.16: Map of the Crozon South (CS) research area (CS01 – CS07) showing the bulk susceptibility, Km, for 

the investigated outcrops. The data is averaged per sample or for a group of samples if sample locations are 

close. (see Appendix 2). 

Finally, T shows a large spread in the CS 

research areas with values from -0.87 (very 

strongly prolate) to 0.97 (near-perfectly oblate). 

Most specimens‘ T value falls in a range 

spanning from -0.30 to 0.70 (Table 6.5). The 

different specimens of an individual sample 

show an average standard deviation of 0.08. For 

the CS03 outcrop zone, this is a bit higher 

(0.14). The map with the average T value shows 

that there is a strong difference between the 

different outcrop zones (Fig. 6.17(c-d)). CS01, 

CS02, CS04 and CS07 show consistently a high 

T value and hence, clearly oblate magnetic 

fabrics (orange and red colors). CS05 and CS06 

show negative T values and hence, prolate 

magnetic fabrics (blue colors). Outcrop zone 

CS03 shows both positive and negative T 

values. 

For the CS research area, Km shows a very 

rough positive correlation with PJ (Fig. 6.18(a); 

average values per sample). The plot of T vs. 

Km shows no association at all (Fig. 6.18(b)). So, 

there seems to be no apparent control of the 

magnetic susceptibility on the anisotropy 

parameters PJ and T. The Jelínek plot (T vs. 

PJ) shows a pattern with two parts (Fig. 6.18(c)). 

First, there is a group of samples with a 

relatively low PJ value, i.e. < 1.10, and a strongly 

variable T value, i.e. from - 0.8 to 0.5. The 

second group of samples has a consistently 

oblate shape, i.e. T values from 0.2 up to 0.9, 

and a more variable degree of anisotropy, i.e. PJ 

ranging from 1.05 up to 1.18. Overall, this 

results in a boomerang-like pattern on the 

Jelínek plot. 

There seems to be a clear link between the 

AMS parameters and the attributed magnetic 

fabric types. The samples of the outcrop zones 

CS05 and CS06 with a type III intermediate 

fabric (black markers) plot in the first group of 

samples (relatively low PJ and variable T). 

However, outcrop zone CS03 is different from 

CS05 and CS06 as its 4 samples show positive 

T values. The samples of the outcrop zones 
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Fig. 6.17 (previous page): Map of the Crozon South (CS) research area (CS01 – CS07) showing (a-b) the 

corrected degree of anisotropy, PJ and (c-d) the shape parameter, T, for the investigated outcrops. The data are 

averaged per sample or for a group of sample if samples locations are close (see Appendix 2). 

 

Fig. 6.18: Plots of the RT-AMS parameters for the Crozon South (CS) research area: (a) PJ vs. Km, (b) T vs. Km, 

and (c) T vs. PJ. 

CS01, CS02 and CS04 with a type IV tectonic 

magnetic fabric (white markers) plot in the 

second group of samples (consistent positive T 

and variable PJ). Although these samples do not 

show a systematic relation between PJ and T, it 

can be noted that all samples with a high PJ 

(> 1.12) have a strongly oblate magnetic 

susceptibility ellipsoid (T > 0.5). Finally, the 

samples from the outcrop zone with a type I-II 

magnetic fabric (grey markers) also plot in the 

second group of samples and are defined by a 

very high T value. 

Crozon fold-and-thrust belt: Crozon North 

(CN) research area 

Km ranges from 36 to 709 x 10
-6

 [SI] in the CN 

research area and most specimens have a 

value in between 230 and 480 x 10
-6

 [SI] (Table 

6.6). The variation of the different specimens 

from a single sample is on average  

Table 6.6: Average RT-AMS of the Crozon North (CN) research area and its outcrop zones. 

 
Abbreviations: K1,2,3 - Eigenvalues of the magnetic tensor; Km - bulk magnetic susceptibility; T - (Jelinek) shape 
parameter; PJ – Corrected degree of anisotropy (see section 2.4.1 and 2.4.3 for a definition of the parameters). 

Outcrop Zone K1 K2 K3 Km (x 10
-6

 [SI]) PJ T

CN01 1.07 ± 0.01 1.01 ± 0.02 0.92 ± 0.01 408 ± 154 1.16 ± 0.02 0.21 ± 0.35

CN02 1.06 ± 0.01 1.02 ± 0.01 0.92 ± 0.01 287 ± 119 1.15 ± 0.02 0.47 ± 0.13

CN03 1.08 ± 0.00 1.03 ± 0.01 0.89 ± 0.01 464 ± 207 1.21 ± 0.02 0.46 ± 0.08

CN04 1.05 ± 0.00 1.02 ± 0.00 0.93 ± 0.00 259 ± 012 1.13 ± 0.00 0.51 ± 0.05

CN05 1.01 ± 0.00 1.00 ± 0.00 0.99 ± 0.00 062 ± 010 1.02 ± 0.01 0.42 ± 0.23

CN06 1.06 ± 0.01 1.01 ± 0.01 0.93 ± 0.02 304 ± 085 1.14 ± 0.03 0.20 ± 0.27

Crozon North 1.06 ± 0.02 1.01 ± 0.01 0.93 ± 0.02 320 ± 143 1.15 ± 0.04 0.31 ± 0.28



CHAPTER 6 REGIONAL MAGNETIC FABRIC ANALYSIS 

108 

 

Fig. 6.19: Map of the Crozon North (CN) research area (CN01 – CN06) showing (a) the bulk susceptibility, Km, 

(b) the corrected degree of anisotropy, PJ and (c) the shape parameter, T, for the investigated outcrops. The data 

are averaged per sample or for a group of samples if sample locations are close (see Appendix 2). 
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Fig. 6.20: Plots of the RT-AMS parameters for the Crozon North (CN) research area: (a) PJ vs. Km, (b) T vs. Km, 

and (c) T vs. PJ. 

32 x 10
-6

 [SI]. Km is extremely low for the single 

sample of outcrop zone CN05 (BR13TH049), 

i.e. 62 ± 10 x 10
-6

 [SI]. In outcrop zone CN01 

and CN03, Km is relatively high (Fig. 6.19(a)). 

PJ ranges from 1.01 (nearly isotropic) to 1.24, 

but most specimens have a PJ value in between 

1.13 and 1.17 (Table 6.6). It is very consistent 

for the different specimens from a single 

sample, i.e. the average standard deviation per 

sample is only 0.009. The CN map for the PJ 

parameter (Fig. 6.19(b)) shows an extremely low 

value for the CN05 outcrop zone (dark blue 

color), a high value for the CN03 outcrop zone 

(dark red color) and moderate values for the 

other outcrop zones (green to yellow colors). 

T ranges from -0.39 to 0.88 but preferentially 

ranges between 0.15 and 0.50 (Table 6.6). The 

different specimens of an individual sample 

show an average standard deviation of 0.08. For 

the CN05 outcrop zone, this is clearly higher 

(0.23). In outcrop zone CN02 to CN05, the 

magnetic susceptibility ellipsoid is strongly 

oblate (red colors), whereas neutral ellipsoids 

(green to yellow colors) can be observed in 

outcrop zone CN01 and CN06 (Fig. 6.19(c)). 

The plots of Km vs. the anisotropy parameters, 

PJ (Fig. 6.20(a)) and T (Fig. 6.20(b)), 

respectively, show no apparent relationship. 

The Jelínek plot (T vs. PJ) shows a very rough 

positive correlation between PJ and T (Fig. 

6.20(c)). For the specimens with a relatively low 

PJ, i.e. < 1.15, T shows a considerable variation, 

i.e. from – 0.4 up to 0.7. On the other hand, the 

specimen with a relatively high T, i.e. > 0.2, 

show a considerable spread in PJ, with values 

up to 1.24. This results in a boomerang-like 

pattern. Compared to the boomerang-like 

pattern of the CS research area (Fig. 6.18(c)), 

the first group of samples (low PJ, variable T) 

contains less samples and strongly prolate-

shaped samples (T < - 0.5) do not occur. 

The difference between the outcrop zones with 

a type III intermediate magnetic fabric and a 

type IV tectonic magnetic fabric is less clear 

than it was in the Jelínek plot of the CS research 

area. However, again all samples with a prolate 

shape (T < 0) are from outcrop zones with a 

type III magnetic fabric, i.e. CN01 and CN06. 

The samples with a relative high PJ, i.e. > 1.16, 

come both from outcrop zones with a type IV 

tectonic magnetic fabric (CN02 and CN03) 
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and from outcrop zones with a type III magnetic 

fabric (CN01, CN04 and CN06). 

Monts d’Arrée slate belt (MASB) research 

area 

Km ranges from 113 to 879 x 10
-6

 [SI] in the 

MASB research area and most specimens have 

a value in between 320 and 490 x 10
-6

 [SI] 

(Table 6.7). The variation of the different 

specimens from a single sample is on average 

29 x 10
-6

 [SI]. The map with the average Km 

shows that Km varies randomly throughout the 

MASB research area (Fig. 6.21(a)). 

PJ ranges from 1.09 to 1.43 but preferentially 

ranges between 1.15 and 1.27 (Table 6.7). It is 

very consistent for the different specimens from 

a single sample, i.e. the average standard 

deviation per sample is only 0.01. Extremely 

high anisotropies, i.e. PJ > 1.35, are observed 

for the specimens of some samples in the 

MASB02 to MASB05 outcrop zones. This is the 

central part of the actual Monts d‘Arrée (Fig. 

6.21(b)). The specimens of the other outcrop 

zones (MASB01 and MASB06 to MASB10) 

always have a PJ > 1.27. 

T ranges over the whole spectra with values 

from -0.92 (near-perfectly prolate) to 0.98 

(perfectly oblate). Most specimens‘ T value falls 

in a range spanning from 0.10 to 0.60 (Table 

6.7). The different specimens of an individual 

sample show an average standard deviation of 

0.07. The map with the average T shows that T 

is rather variable for most outcrop zones (Fig. 

6.21(c)). The specimens of outcrop zones 

MASB03 to MASB05 systematically show a high 

T value. 

The plots of Km vs. the anisotropy parameters, 

PJ (Fig. 6.22(a)) and T (Fig. 6.22(b)), 

respectively, show no apparent relationship. 

The Jelínek plot (T vs. PJ) shows again a 

pattern with two more or less distinct parts (Fig. 

6.22(c)). A first group of samples have a 

relatively low PJ, i.e. < 1.20, and variable T 

values. A second group of samples has 

consistently positive T values and variable PJ 

values, ranging up to 1.42, and shows a clear 

positive correlation between PJ and T. This 

results again in a boomerang-like pattern. 

There is also a group of samples that have a 

clearly oblate susceptibility ellipsoid (high T 

value) and a relatively low PJ and hence, plot on 

the left side of the boomerang-like pattern. 

Table 6.7: Average RT-AMS of the Monts d‘Arrée slate belt (MASB) research area and its outcrop zones. 

 
Abbreviations: K1,2,3 - Eigenvalues of the magnetic tensor; Km - bulk magnetic susceptibility; T - (Jelinek) shape 
parameter; PJ – Corrected degree of anisotropy (see section 2.4.1 and 2.4.3 for a definition of the parameters). 

Fig. 6.21 (next page): Map of the Monts d‘Arrée slate belt (MASB) research area (MASB01 – MASB10) showing 

(a) the bulk susceptibility, Km, (b) the corrected degree of anisotropy, PJ and (c) the shape parameter, T, for the 
investigated outcrops. The data are averaged per sample or for a group of samples if sample locations are close 
(see Appendix 2). 

Outcrop Zone K1 K2 K3 Km (x 10
-6

 [SI]) PJ T

MASB01 1.08 ± 0.01 1.01 ± 0.02 0.91 ± 0.01 380 ± 102 1.19 ± 0.03 0.26 ± 0.26

MASB02 1.09 ± 0.01 1.01 ± 0.03 0.90 ± 0.03 446 ± 141 1.22 ± 0.06 0.14 ± 0.35

MASB03 1.09 ± 0.01 1.03 ± 0.02 0.87 ± 0.03 422 ± 111 1.27 ± 0.05 0.46 ± 0.21

MASB04 1.10 ± 0.02 1.04 ± 0.03 0.87 ± 0.04 430 ± 079 1.29 ± 0.09 0.44 ± 0.36

MASB05 1.09 ± 0.02 1.04 ± 0.02 0.87 ± 0.03 395 ± 167 1.27 ± 0.07 0.62 ± 0.19

MASB06 1.06 ± 0.01 1.01 ± 0.02 0.93 ± 0.03 338 ± 061 1.16 ± 0.05 0.18 ± 0.43

MASB07 1.05 ± 0.01 1.01 ± 0.01 0.94 ± 0.01 440 ± 163 1.13 ± 0.02 0.34 ± 0.37

MASB08 1.07 ± 0.00 1.01 ± 0.00 0.91 ± 0.00 473 ± 021 1.18 ± 0.01 0.31 ± 0.06

MASB09 1.07 ± 0.00 0.99 ± 0.00 0.93 ± 0.00 346 ± 051 1.15 ± 0.01 -0.09 ± 0.08

MASB10 1.08 ± 0.00 1.02 ± 0.01 0.89 ± 0.01 389 ± 021 1.22 ± 0.02 0.40 ± 0.10

Monts d'Arrée

slate belt
1.08 ± 0.02 1.02 ± 0.02 0.90 ± 0.04 419 ± 127 1.22 ± 0.08 0.34 ± 0.33
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Fig. 6.22: Plots of the RT-AMS parameters for the Monts d‘Arrée slate belt (MASB) research area: (a) PJ vs. Km, 

(b) T vs. Km, and (c) T vs. PJ. 

The large group of samples from the outcrop 

zones with a type IV* tectonic magnetic fabric 

(MASB01 to MASB04) show a large spread in 

PJ and T values, they plot all over the 

boomerang-like pattern (Fig. 6.22(c)). Similar as 

for the CS and CN research area, the samples 

of the outcrop zones with a type IV tectonic 

magnetic fabric (MASB05, MASB08 and 

MASB10) consistently plot in the part with the 

relatively high PJ and T values. The samples of 

the outcrop zones with a type III intermediate 

magnetic fabric (MASB06 and MASB07 except 

outcrop SR09) have generally a relatively low 

PJ. Finally, the samples of outcrop SR09 

(MASB07), which have a type I sedimentary 

magnetic fabric, all plot on the left side of the 

boomerang-like pattern (very high T, relatively 

low PJ). 

Montagnes Noires slate belt (MNSB) 

research area 

Km ranges from 92 to 792 x 10
-6

 [SI] in the 

MNSB research area and most specimens have 

a value in between 400 and 600 x 10
-6

 [SI] 

(Table 6.8). These values are relatively high with 

respect to the other outcrop zones. The variation 

of the different specimens from a single sample 

is on average 40 x 10
-6

 [SI]. The highest Km is 

observed for outcrop zone MNSB01 (Fig. 

6.23(a)).

Table 6.8: Average RT-AMS of the Montagnes Noires slate belt (MNSB) research area and its outcrop zones. 

 
Abbreviations: K1,2,3 - Eigenvalues of the magnetic tensor; Km - bulk magnetic susceptibility; T - (Jelinek) shape 
parameter; PJ – Corrected degree of anisotropy (see section 2.4.1 and 2.4.3 for a definition of the parameters). 

Outcrop Zone K1 K2 K3 Km (x 10
-6

 [SI]) PJ T

MNSB01 1.08 ± 0.01 1.01 ± 0.01 0.90 ± 0.01 658 ± 066 1.20 ± 0.01 0.27 ± 0.22

MNSB02 1.09 ± 0.01 1.01 ± 0.02 0.90 ± 0.01 517 ± 112 1.23 ± 0.02 0.19 ± 0.26

MNSB03 1.07 ± 0.01 1.00 ± 0.01 0.93 ± 0.01 460 ± 145 1.15 ± 0.02 -0.07 ± 0.30

Montagnes 

Noires

slate belt

1.07 ± 0.01 1.00 ± 0.02 0.92 ± 0.02 502 ± 150 1.17 ± 0.03 0.02 ± 0.32
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Fig. 6.23: Map of the Montagnes Noires slate belt (MNSB) research area (MNSB01 – MNSB03) showing (a) the 

bulk susceptibility, Km, (b) the corrected degree of anisotropy, PJ and (c) the shape parameter, T, for the 

investigated outcrops. The data are averaged per sample or for a group of samples if sample locations are close 

(see Appendix 2). 

PJ ranges from 1.10 to 1.26 and most 

specimens have a PJ value in between 1.14 and 

1.19 (Table 6.8). The different specimens of an 

individual sample show an average standard 

deviation of 0.007. The MNSB map for the PJ 

parameter shows high values for the MNSB01 

and MNSB02 outcrop zone (red colors) and 

relatively lower values (green and yellow colors) 

for the MNSB03 outcrop zone (Fig. 6.23(b)). 

T shows again a large spread with values 

ranging from -0.83 (very strong prolate) to 0.52. 

However, most specimens have a T value in 

between -0.20 and 0.25, indicating a more 

neutral magnetic susceptibility ellipsoid (Table 

6.8). The different specimens of an individual 

sample show an average standard deviation of 

0.08. The specimens with a T value < 0 all occur 

in one of the two MNSB03 outcrops, i.e. MN004 

(green color, Fig. 6.23(c)). The specimens of 
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Fig. 6.24: Plots of the RT-AMS parameters for the Montagnes Noires slate belt (MNSB) research area: (a) PJ vs. 

Km, (b) T vs. Km, and (c) T vs. PJ. 

MNSB01 and MNSB02, and those of the other 

MNSB03 outcrop, i.e. MN003, systematically 

show a T value > 0 (yellow colors). 

For the MNSB research area, Km shows no 

apparent relation with the anisotropy 

parameters PJ and T (Fig. 6.24(a-b)). The 

Jelínek plot (T vs. PJ) shows a pattern with two 

distinct groups (Fig. 6.24(c)). First, there is a 

group of samples with a relatively low PJ value, 

i.e. between 1.12 and 1.16, and a strongly 

variable T value, i.e. from - 0.7 to 0.1. The 

second group of samples has a consistently 

oblate shape, i.e. T values from 0 up to 0.5, and 

a more variable degree of anisotropy, i.e. PJ 

ranging from 1.17 up to 1.24. Overall, this 

results in a boomerang-like pattern on the 

Jelínek plot. 

There seems to be a clear link between the 

AMS parameters and the attributed magnetic 

fabric types. The samples of the outcrop zones 

with a type IV tectonic magnetic fabric 

(MNSB01 and MNSB02) all plot in the second 

group of samples and systematically show a 

relatively high PJ value (Fig. 6.24(c)). The 

samples of outcrop zone MNSB03, which has a 

type III intermediate magnetic fabric form the 

first group of samples. A few samples of 

MNSB03 also plot in the upper branch but with a 

relatively low PJ value. 

Discussion and synthesis 

Km is generally strongly variable in the 

different research areas of the CAD. The 

difference between the different samples of a 

single research area is clearly larger than the 

difference between the research areas. On 

average, the samples of the MASB and 

especially the MNSB, have a Km that is slightly 

higher than that of samples of the CS and CN 

research area. As a rule of thumb, Rochette et 

al. [1992] suggested an, empirically obtained, 

upper limit of Km = 500 x 10
–6

 [SI] and PJ = 1.35 

for the paramagnetic susceptibility and the 

paramagnetic anisotropy, respectively, within 

low-grade metasedimentary rocks (grey bands 

in Fig. 6.25(a-b)). All four investigated sites 

contain samples that exceed the Km limit. For 

the MASB and MNSB research area, it is even a 

significant amount of the samples. The MASB 

research area also has a number of samples 

that exceed the PJ limit. This could indicate that 

there is some ferromagnetic (s.l.) 
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Fig. 6.25: Plots of the RT-AMS parameters for the Central Armorican Domain: (a) PJ vs. Km, (b) T vs. Km, and 

(c) T vs. PJ. The grey bands correspond to the Km and PJ upper limit for a paramagnetic contribution according to 

the rule of thumb of Rochette et al. [1992]. 

contribution to the bulk magnetic 

susceptibility in the HSB samples of the 

CAD. This will be further investigated in the next 

section (section 6.2). In any case, the absence 

of a correlation between Km and the anisotropy 

parameters PJ (Fig. 6.25(a)) and T (Fig. 6.25(b)) 

indicates that there is no compositional control 

on the magnetic anisotropy, which is good news 

when considering the application of the 

magnetic anisotropy as a strain markers. 

PJ shows more important differences between 

the different research areas. The lowest PJ is 

observed for the samples of the CS research 

area (dominantly 1.05 < PJ < 1.10), the samples 

of the CN and MNSB research area have an 

intermediate PJ (dominantly 1.12 < PJ < 1.20) 

and the samples of the MASB research area 

have the highest PJ (dominantly 1.15 < PJ < 1.27 

and in MASB02 to MASB05 values up to 1.43). 

The high values in some samples of the 

MASB02 to MASB05 outcrop zone are above 

the upper limit for a paramagnetic PJ within low-
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grade metasedimentary rocks from the rule of 

thumb of Rochette et al. [1992], i.e. PJ = 1.35 

(horizontal grey band in Fig. 6.25(a) and vertical 

grey band in Fig. 6.25(c)). This could suggest 

that the extremely high PJ values should be 

attributed to a ferromagnetic (s.l.) contribution, 

which will be further investigated in the next 

section (section 6.2). 

The shape parameter T is very variable in the 

different research areas of the CAD, e.g. for 

the CS and MASB research area T values span 

the whole range from -1 to 1. Nevertheless, it 

can be observed that the amount of samples 

with a prolate susceptibility ellipsoid (T < 0) is 

much more significant for the CS and MNSB 

research compared to the CN and MASB 

research area (Fig. 6.25(c)). 

We already showed that the Jelínek plots (T vs. 

PJ) of the different research areas show a typical 

pattern with two distinct groups, i.e. (1) a group 

with relatively low PJ and variable T values and 

(2) a group with relatively high T and variable PJ 

values. The result is a (part of a) boomerang-like 

pattern for each outcrop zone. If we now look at 

the overall Jelínek plot for the CAD (Fig. 

6.25(c)), it can be observed that the 

boomerang-like pattern of the MASB and 

MNSB research overlaps (although the MASB 

samples dominated the high PJ limb and the 

MNSB samples the low T limb) and that the 

boomerang like pattern of the CS and CN 

research area is ‗positioned‘ at a consistently 

lower PJ value with respect to the MASB-MNSB 

pattern. 

In chapter 4 we have seen that the HSB 

samples of the Crozon peninsula (CS and CN 

research area) and those of the inland CAD 

(MASB and MNSB research area) have a 

different paramagnetic mineralogy. The inland 

samples have chloritoid and muscovite as 

dominant (para)magnetic minerals whereas the 

(para)magnetic signal of the Crozon samples is 

dominated by chlorite and muscovite. A new 

analysis of the magnetocrystalline anisotropy of 

the chloritoid single crystals (section 5.3) 

showed that the magnetic anisotropy of 

chloritoid is significantly higher than that of 

chlorite (section 5.2). Therefore, the 

consistently higher PJ of the inland samples 

with respect to the Crozon samples may be 

due to a (very) strong alignment of the 

chloritoid crystals, inferring that the AMS of 

the Crozon samples and that of the inland 

samples should not be compared directly. 

6.1.3 Synthesis 

The low-field RT-AMS analysis of HSB samples 

from four different research areas of the CAD 

shows that there is a general relation between 

the anisotropy parameters (section 6.1.2), and 

the magnetic fabric types determined on the 

basis of the orientation analysis of K1 and K3 

(section 6.1.1). The samples of the outcrop 

zones with a type III intermediate magnetic 

fabric generally have a prolate magnetic 

susceptibility ellipsoid (T < 0) and a relatively 

low PJ. The best examples are CS05, CS06 and 

MNSB01. On the other hand, the samples of the 

outcrop zones with a type IV tectonic magnetic 

fabric generally have an oblate magnetic 

susceptibility ellipsoid (T > 0) and a variable PJ, 

which can be very high for some samples. 

Together, this results in (a part of) a boomerang-

like pattern on the Jelínek plots (Fig. 6.18(c), 

Fig. 6.20(c), Fig. 6.22(c) and Fig. 6.24(c)). 

It can be concluded that the magnetic fabrics of 

the HSB samples of the CAD generally show a 

progressive evolution from an intermediate 

(type III) to a tectonic (type IV) magnetic 

fabric. Such an evolution is caused by the 

progressive superposition of a cleavage-parallel 

tectonic fabric on a bedding-parallel 

sedimentary/compaction fabric during a 

progressive coaxial contraction-dominated 

deformation. Remarkably, there seems to be no 

regional consistency in the magnetic fabric 

evolution in the CAD. All four research areas 

show outcrop zones with a type III and outcrop 

zones with a type IV magnetic fabric type. And 

all four research areas also show a large 

variability in magnetic anisotropy parameters. 

Despite that the deformation characteristics of 

the four research areas are mutually very 

different and internally consistent, there is a 

considerable overlap in the magnetic anisotropy 

parameters in a plot of all samples of the CAD 

(Fig. 6.25(c)). Therefore, it seems that the 

observed magnetic fabric evolution in the 

CAD cannot be (uniquely) explained by the 

amount of strain, to which the different HSB 

samples have been subjected. 
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Furthermore, outcrop zone CS07 and outcrop 

SR09 of outcrop zone MASB07 show magnetic 

fabrics that are consistently parallel to the 

bedding foliation and are attributed a type I (or I-

II) sedimentary magnetic fabric. Also these 

outcrop (zones) do not show a clear difference 

in deformation character compared to the other 

outcrop of the same research area. We 

tentatively suggest that other factors besides 

the amount of strain, influence the AMS 

evolution of the HSB in the CAD. 

Finally, the MASB research area contains 4 

outcrop zones (MASB01 to MASB04), which 

resemble a type IV magnetic fabric (cluster 

distribution of K3 parallel to the cleavage pole) 

but have a significant amount of samples with a 

magnetic fabric that is oriented obliquely with 

respect to the macroscopic fabric elements. 

We termed these type IV* tectonic magnetic 

fabrics. In outcrop zone MASB09, the magnetic 

fabrics are even consistently oblique with 

respect to the macroscopic fabric elements. 

These oblique magnetic fabrics cannot, or not 

uniquely, be related to the superposition of a 

cleavage-parallel tectonic fabric on a bedding-

parallel sedimentary/compaction fabric. So, they 

do not comply with the progressive evolutionary 

model associated with ongoing coaxial 

deformation that is described in Fig. 1.2. We 

suggested that this type of magnetic fabrics are 

altered by a non-coaxial process that occurred 

posterior to the contraction-dominated 

deformation in the MASB, e.g. the late wrench 

component, a crenulation cleavage development 

or post-tectonic chloritoid crystallization. Due to 

this non-coaxial contribution, the magnetic fabric 

of these outcrop zones cannot serve as a 

proxy for the amount of strain associated with 

the regional cleavage development in the CAD. 

6.2  Determining the influence of a 

possible ferromagnetic (s.l.) 

contribution 

The presence of specimens with Km and/or PJ 

values above the upper limit for a paramagnetic 

contribution (Fig. 6.25) from the rule of thumb of 

Rochette et al. [1992] could indicate a 

ferromagnetic (s.l.) contribution to the (low field) 

RT-AMS of these specimens. It is important to 

understand this possible influence because it 

makes a quantitative interpretation of the 

magnetic fabrics in terms of the mineral fabrics 

of the rock-forming paramagnetic minerals 

(muscovite and chlorite or chloritoid, see 

chapter 5) impossible. In order to investigate the 

presence of a ferromagnetic (s.l.) contribution, a 

number of experiments is performed on a 

representative selection of specimens. This 

selection was made in a way that it reflects both 

the regional variability of our specimens 

(specimens of all research areas and outcrop 

zones) and the variability in low field RT-AMS 

results (Km, PJ and T). Appendix 1 lists which 

experiments have been performed on which 

specimens. 

6.2.1 Calculating the MTPS from the Fe and 

Mn content 

By comparing the measured Km with the 

maximum theoretical paramagnetic susceptibility 

(MTPS), which can be calculated from the Fe 

and Mn content (see equation [2.13]), the 

presence of a ferromagnetic (s.l.) contribution to 

the bulk magnetic susceptibility can be 

investigated. Chemical analyses have been 

performed on 68 specimens. Note that all these 

specimens come from the 2009 sample 

campaign and hence, the selection does not 

 

Fig. 6.26: Boxplots showing the distribution of the FeO, Fe2O3 (t) and MnO concentration in the different research 

areas of the CAD. The average weight percentage values are shown below the boxplot. 
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Fig. 6.27: Comparison of Km (low field RT-AMS) and the maximum theoretical paramagnetic susceptibility 

(MTPS) calculated from the FeO, Fe2O3 (t) and MnO content (see equation [2.13]). The grey band corresponds to 

the Km upper limit for a paramagnetic contribution according to the rule of thumb of Rochette et al. [1992]. 

cover the entire variability of the CAD. The FeO, 

Fe2O3(t) and MnO content of the investigated 

specimens is listed in Appendix 9. Their 

distribution in the different research areas is 

shown as boxplots in Fig. 6.26, together with the 

average values per research area. It is clear that 

overall, the FeO content (5.01 wt% ± 1.97) is 

much more important than the Fe2O3(t) content 

(0.31 wt% ± 0.37) and the MnO content 

(0.07 wt% ± 0.04). Hence, the paramagnetic 

susceptibility of the HSB specimens will be 

determined by the amount of Fe
2+

 cations. 

The FeO (and Fe2O3(t) and MnO) content of the 

investigated specimens shows no significant 

differences between the different research 

areas. The FeO content of the MASB and 

especially the MNSB specimens is generally 

slightly higher than that of the CS and CN 

specimens. This matches our observation for 

the measured Km values (see Fig. 6.25(a-b)). 

For 15 specimens, a second 10 mg of powder of 

the crushed specimen is analyzed in order to 

test the chemical variation in the powder of a 

single specimen (approximately 24 g). The 

‗double measurements‘ show an average 

differences of 5 %, 47 % and 5 % for FeO, 

Fe2O3 and MnO, respectively. The large relative 

error on Fe2O3 is considered not problematic 

due to its low values. 

The MTPS is compared to the measured Km in 

Fig. 6.27. The error on the MTPS is defined as 

the largest relative difference between the 

double measurements for each research area. 

This results in a possible error on the MTPS of 

10.4 % for the CS specimens, 8.0 % for the CN 

specimens, 18.7 % for the MASB specimens 

and 8.0 % for the MNSB specimens (shown by 

error bars in Fig. 6.27). Most specimens show a 

measured Km that falls within the error range 

of the MTPS or that is slightly lower than the 

MTPS. If there was a significant ferromagnetic 

(s.l.) contribution to the measured Km, the MTPS 

would be systematically lower than Km. This is 

also not the case for the specimens with a Km 

that is above the upper limit of Rochette et al. 

[1992]. So, it seems that the 500 x 10
-6

 [SI] Km 

upper limit for the paramagnetic contribution 

does not apply for the HSBs of the CAD. This is 

principally due to the FeO content of the HSBs 

that is ranging from 1.5 up to 11.6 wt%, which is 

relatively high for a siliciclastic sedimentary rock. 

For comparison, the average FeO composition 

of the sedimentary rocks deposited in a 

continental area (including the continental shelf) 

is 2.86 wt% [Sujkowski, 1952]. 
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However, for a number of specimens from the 

MASB research area, coming mainly from the 

MA006 outcrop in the MASB03 outcrop zone 

(see Appendix 2) the measured Km is 

systematically above the MTPS (Fig. 6.27). 

From this, it can be assumed that a 

ferromagnetic (s.l.) phase is contributing to 

the bulk magnetic susceptibility in at least 

some specimens of the MASB research area. 

6.2.2 Remanence experiments 

Magnetic remanence experiments are useful for 

investigating the presence of a ferromagnetic 

(s.l.) contribution in rocks with a dominant 

paramagnetic behavior because in contrast to 

in-field magnetization and susceptibility 

measurements, the magnetic remanence signal 

is only coming from the ferromagnetic (s.l.) 

phases present. The performed experiments 

allow us to identify the nature of the 

ferromagnetic (s.l.) phase present. This 

knowledge will be important when interpreting 

high field AMS measurements (section 6.2.4). In 

this approach, the paramagnetic contribution to 

the magnetic susceptibility or its anisotropy is 

determined above saturation of the 

ferromagnetic (s.l.) phases. However, certain 

ferromagnetic (s.l.) phases, e.g. hematite and 

goethite, do not saturate in the field range that 

can be applied in the high-field experiments. In 

this case, the high-field approach is problematic. 

Alternating field demagnetization of a 1 T 

isothermal remanent magnetization 

The alternating field (AF) demagnetization of a 1 

T isothermal remanent magnetization (IRM) is 

investigated for 24 specimens. All IRM 

demagnetization curves are shown in 

Appendix 10. They can be subdivided into three 

distinct groups on the basis of the shape of the 

curve and the field required to demagnetize half 

of the original IRM, i.e. the median destructive 

field (MDF
IRM

). 

 Type A (Fig. 6.28(a)): The demagnetization 

curve shows an initial steep drop. Half of 

the original IRM is lost before the 

demagnetization field reaches 75 mT and 

generally, the MDF
IRM

 is < 50 mT. Further 

increasing the demagnetization field up to 

170 mT results in a stabilization of the IRM 

at a level between 8 and 28 % of the 

original IRM. This results in a concave 

demagnetization curve without achieving a 

complete demagnetization. 

 Type B (Fig. 6.28(b)): The demagnetization 

curve shows a less steep initial decline with 

respect to the type A curves and the IRM 

keeps decreasing nearly linearly with 

increasing demagnetization field up to 

170 mT. The MDF
IRM

 is consistently above 

75 mT and a complete demagnetization is 

never reached. 

 

Fig. 6.28: Alternating field demagnetization of a 1 T isothermal remanent magnetization (IRM). The acquired IRM 

and the median destructive field (MDF
IRM

) are indicated. The analyzed specimens can be divided in 3 types of 

demagnetization curves: (a) type A - concave curve and low MDF(< 75 mT); (b) type B – linear curve and rather 

high MDF (> 75 mT) and (c) type C – linear to convex curve and 170 mT (peak demagnetization field) is not 

sufficient to demagnetize 50 % of initial IRM. 
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 Type C (Fig. 6.28(c)): The AF 

demagnetization is quite ineffective in 

demagnetizing the 1 T IRM, i.e. > 75 % of 

the initial remanence remains after the 

170 mT demagnetization step. The 

demagnetization curve has a linear or 

convex shape. 

The results of the AF demagnetization 

experiment are summarized in Table 6.9. The 

1 T IRM is for most specimens 

< 20 x 10
-6

 Am
2
/kg. For specimens 

BR13TH049B1 and BR09TH056A6 (CN 

research area), the remanence is clearly higher, 

i.e. 167 and 242 x 10
-6

 Am
2
/kg. Of the 24 

investigated specimens, 17 show a type A 

demagnetization behavior, 5 show a type B 

demagnetization behavior and 2 show a type C 

demagnetization behavior. There seems to be 

some regional control as all specimens with a 

type B behavior are from the MASB research 

area and both type C specimens are from the 

CN research area. 

The presence of magnetic remanence proves 

that the HSB specimen do contain some 

ferromagnetic (s.l.) phase. None of the 24 

investigated specimens is completely 

demagnetized after applying the 

demagnetization procedure (peak applied field 

170 mT). Therefore, it seems that all specimens 

contain a relatively hard ferromagnetic (s.l.) 

phase. The specimens with a type A 

demagnetization behavior, which is the majority 

of samples, however, do show a sharp decrease 

in magnetic remanence with the first 

demagnetization steps. Therefore, an important 

part of their magnetic remanence must come 

from a relatively soft ferromagnetic (s.l.) phase 

and hence, the observed demagnetization 

behavior is the composite signal from a hard 

phase and a relatively important soft phase. 

For the specimens with a type B 

demagnetization behavior, we suggest that the 

demagnetization behavior also reflects a 

composite signal. However, for these specimens  

Table 6.9: Results of AF demagnetization of a 1 T IRM. 

 
Abbreviations: IRM – isothermal remanent magnetization (induced with a 1 T field); MDF

IRM
 – median destructive 

field required to demagnetize half of the initial IRM; final IRM – remanent magnetization left after 170 mT 
demagnetization step (relative to initial IRM); Type A, B and C are defined in Fig. 6.28. 

Zone Specimen IRM (x 10
-6

 Am
2
/kg) MDF

IRM
 (mT) final IRM (%) Demagn. curve Type

CS01 BR11TH013A3 12.9 30 15 concave A

CS01 BR11TH038A3 19.0 45 25 concave A

CS02 BR11TH030A1 13.8 30 16 concave A

CS02 BR11TH041D2 6.6 32 21 concave A

CS04 BR11TH089B1 8.0 28 17 concave A

CS04 BR11TH090A3 5.7 34 17 concave A

CN01 BR13TH037B1 6.4 64 28 concave A

CN01 BR13TH041B4 2.1 34 15 concave A

CN03 BR09TH053B2 12.4 19 8 concave A

CN04 BR13TH047B1 7.7 43 19 concave A

CN05 BR13TH049B1 167.3 not reached 75 linear C

CN06 BR09TH056A6 241.8 not reached 82 convex C

MASB01 BR11TH045A1 56.9 167 49 linear B

MASB02 BR11TH059A3 9.2 84 15 linear B

MASB03 BR09TH132A7 34.6 100 18 linear B

MASB03 BR11TH068E2 4.3 90 18 linear B

MASB05 BR13TH032A3 5.5 70 24 concave A

MASB07 BR09TH107A9 3.1 73 23 concave A

MASB09 BR13TH022C3 11.2 77 16 linear B

MNSB01 BR13TH004B5 5.3 35 25 concave A

MNSB01 BR13TH005C3 2.0 43 19 concave A

MNSB02 BR13TH006B3 1.2 47 15 concave A

MNSB03 BR09TH159B6 12.5 60 25 concave A

MNSB03 BR09TH160A4 55.8 75 25 concave A

C
S

C
N

M
A

S
B

M
N

S
B
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the hard ferromagnetic (s.l.) phase is relatively 

more important compared to the specimens with 

a type A behavior. Finally, both specimens with 

a type C demagnetization behavior show hardly 

any demagnetization and hence, their magnetic 

remanence is strongly dominated by the hard 

ferromagnetic (s.l.) phase. 

Low temperature behavior of a saturation 

isothermal magnetic remanence 

The low temperature behavior of a saturation 

isothermal remanent magnetization (SIRM) is 

investigated using two different measurement 

series on 0.25 cm
3
 of powdered specimen. The 

first compares the thermal demagnetization of a 

SIRM induced at 10 K (LT-SIRM) after field 

cooling (FC) and after zero-field cooling (ZFC). 

In the second series, a SIRM induced at 300 K 

(RT-SIRM) goes through a low temperature 

cycle (cooling down to 10 K and reheating to 

300 K). The obtained LT-SIRM and RT-SIRM 

behavior as a function of temperature of all 21 

investigated specimens is shown in 

Appendix 11. 

Most specimens show a LT-SIRM and RT-SIRM 

behavior resembling that of specimen 

BR11TH044B2 shown in Fig. 6.29(a). The 

LT-SIRM FC and ZFC curves (blue and red 

curve in the left figure, respectively) display a 

continuous decrease in magnetization with 

increasing temperature. At a very low 

temperature, the FC SIRM is consistently larger 

than the ZFC SIRM. This difference gradually 

decreases upon heating the specimens and the 

temperature, at which both curves merge varies 

strongly for the different samples, i.e. it ranges 

from 120 K to 300 K. The RT-SIRM shows a 

continuous increase with decreasing 

temperature that is more or less reversed upon 

reheating (middle figure). Furthermore, most 

investigated specimens show some decrease in 

the trend of the cooling curve (black curve) at 

approximately T = 120 K. This loss in 

remanence is not recovered upon reheating 

(green curve), resulting in a net loss of the 

RT-SIRM during the low temperature cycle 

(ranging from 3 to 22 %). This behavior can be 

explained by the combined presence of a 

magnetite and a relatively hard 

superparamagnetic (SP) phase (see box 1). 

The SP behavior is very apparent in specimen 

BR13TH044E1 (Fig. 6.29(b)). Both the FC and 

ZFC LT-SIRM curves (left figure) show a 

continuous decrease in magnetization until they 

merge at a temperature that is strongly variable 

(240 K in the case of specimen BR13TH044E1). 

This behavior is caused by the fact that when 

nanosized stable single domain (SSD) particles 

are heated to a temperature above their 

blocking temperature (TB), they become 

thermally unblocked and go to a 

superparamagnetic state, in which they carry no 

more remanence (see section 2.2.2). A relatively 

wide size distribution of these particles results in 

the observed continuous demagnetization. Once 

all particles are unblocked (at the maximum TB) 

the LT-SIRM falls to zero. The temperature, at 

which this happens is variable because of a 

variable size distribution (~ max TB) over the 

different samples. The consistently higher 

FC LT-SIRM (blue curve) with respect to the 

ZFC LT-SIRM (red curve) at temperatures below 

the maximum TB is due to an additional partial 

thermoremanent magnetization (pTRM) that is 

acquired during the cooling process in a 

magnetic field. The RT-SIRM behavior (middle 

figure) shows a continuous increase with 

decreasing temperature (black curve), which is 

completely reversed upon reheating (green 

curve). Furthermore, it can be noted that the RT-

SIRM is consistently one or two orders of 

magnitude smaller than the LT-SIRM. This 

behavior is related to a relatively hard phase, 

possibly a SP phase. A SP phase is mostly 

unblocked at 300 K and therefore the RT-SIRM 

is lower than the LT-SIRM. The rise in RT-SIRM 

upon decreasing temperature is due to a rise in 

saturation magnetization because the hard 

(SP?) particles are not saturated by the 2.5 T 

field at 300 K. This could indicate hematite or 

goethite particles. Note that no Morin transition 

is expected in very small hematite particles, i.e. 

< 20 nm (see box 1, [Özdemir et al., 2008]). 

However, if the particle-size is small enough all 

ferromagnetic (s.l.) phase will be relatively hard. 

Therefore, it is not possible to determine the 

exact nature of the SP phase. 

In specimen BR11TH013B2 (Fig. 6.29(c)), the 

magnetite behavior is more apparent. The 

RT-SIRM behavior shows a strong drop in the 

cooling curve (black curve) upon cooling through 

the Verwey temperature (TV ≈ 120 K). This loss   
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Fig. 6.29: Results of the low T remanence behavior experiments. The left figures show field-cooled (FC, blue 

curve) and zero-field cooled (ZFC, red curve) low T SIRM behavior, the middle figures show the behavior of the 

RT-SIRM during cooling (black curve) and reheating (green curve), and the right figures show the magnetic 

susceptibility (yellow curve) and the reciprocal of the magnetic susceptibility (1/κ, grey curve) as a function of T. 
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of magnetic remanence is due to a 

reorganization of the domain geometry related 

to the Verwey phase transition of the magnetite 

particles. The drop in remanence is not 

recovered upon reheating (green curve), 

resulting in a net loss of magnetic remanence 

during the low temperature cycle of the 

RT-SIRM. Note that the RT-SIRM behavior at 

very low temperature (< 50 K) is severely 

influenced by an imperfect zero-field (resulting in 

an up- or downward tail of the curves). For the 

LT-SIRM curves (left figure), the FC LT-SIRM 

(blue curve) is a bit higher than the 

ZFC LT-SIRM (red curve) at very low 

temperatures. From about 120 K (TV) both 

curves overlap and the remanence stays more 

or less stable upon further reheating to 300 K. 

For a pure magnetite phase, the relatively higher 

FC LT-SIRM would indicate a relatively fine-

grain size. However, in that case we would 

observe a sharp drop in LT-SIRM around TV. 

Instead, the observed LT-SIRM behavior 

resembles that of a SP phase with a very narrow 

size distribution and a relatively low maximum 

TB (hence, very small particles!). The reason 

why the SP phase is more apparent in the 

LT-SIRM behavior than in the RT-SIRM 

behavior is that at low temperature the SP 

phase can be magnetized more efficiently than 

at room temperature. This is because at low 

temperature more particles are blocked and can 

carry a magnetic remanence. 

Table 6.10 lists the ferromagnetic (s.l.) carriers 

that have been identified as carriers of the 

observed magnetic remanence on the basis of 

the low temperature behavior of the LT-SIRM 

and RT-SIRM. Furthermore, the (initial) 

RT-SIRM at 300 K and the observed maximum 

TB, related to the SP phase, are also shown. 

The RT-SIRM values range from 1 to 23 x 10
-

5
 Am

2
/kg. It must be clear that the magnetic 

remanence behavior of the investigated 

specimens is dominantly carried by a 

magnetite and a (nanosized) SP phase. The 

magnetite phase is identified in 16 out of 21 

specimens and the SP phase in all but one 

specimen. Their combined presence results in a 

dominant low temperature SIRM behavior as 

exemplified in Fig. 6.29(a). 

Table 6.10: Ferromagnetic (s.l.) phases identified on the basis of FC and ZFC LT-SIRM behavior during heating 

and RT-SIRM behavior during low T cycling. 

 
Abbreviations : max. TB – maximum blocking temperature of the superparamagnetic particles; RT-SIRM – room 
temperature saturation isothermal remanent magnetization. 

Zone Specimen
RT-SIRM

(Am
2
/kg)

magnetite goethite max. TB hematite pyrrhotite

CS01 BR11TH013B2 4.03E-05 x x 120 K

CS01 BR11TH038A4 2.07E-05 x x 240 K

CS02 BR11TH036A2 4.24E-05 x x 210 K

CS04 BR11TH090B2 1.51E-05 x x 150 K

CS06 BR09TH004A4 2.92E-05 x x 260 K

CN01 BR13TH036A1 1.14E-05 x 210 K

CN01 BR13TH041B1 1.32E-05 x 260 K

CN02 BR13TH044E1 3.49E-05 x 250 K

CN03 BR09TH054B1 2.31E-05 x x 120 K

CN05 BR13TH049C1 1.79E-04 x x 190 K x

MASB01 BR11TH044B2 3.31E-05 x x 300 K

MASB02 BR11TH059B3 2.68E-05 x x 300 K

MASB03 BR11TH078B4 9.44E-05 x 260 K

MASB04 BR11TH077B5 2.33E-05 x x 300 K x

MASB05 BR13TH032D2 2.25E-05 x x 300 K

MASB09 BR13TH022D1 1.90E-05 x x 250 K

MNSB01 BR13TH005A3 7.96E-05 x x

MNSB02 BR13TH006B4 3.80E-05 x x 280 K

MNSB02 BR13TH008B3 2.00E-05 x x 280 K

MNSB03 BR09TH159B5 3.51E-05 x x 300 K

MNSB03 BR09TH160A3 2.28E-04 x 280 K x ?

C
S

C
N

M
A

S
B

M
N

S
B
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Besides magnetite and the SP phase, hematite 

is identified as remanence carrier in 3 

specimens and potentially pyrrhotite in 1 

specimen. The presence of hematite is 

deduced from a drop in the RT-SIRM curve 

upon cooling through the Morin temperature 

(TM = 262 K). This drop is not recovered upon 

reheating (Fig. 6.29(d)). The (possible) presence 

of pyrrhotite is deduced from a slight drop, or 

rather a deviation from the increasing trend due 

to the SP phase, in the RT-SIRM curve upon 

cooling through the Besnus temperature 

(TBesnus = 34 K) (Fig. 6.29(e)). 

6.2.3 Magnetic susceptibility and its 

anisotropy at low temperature (77 K) 

Temperature dependency of the magnetic 

susceptibility 

For the 21 powdered specimens, of which the 

SIRM low temperature behavior is investigated 

(see section 6.2.2), the magnetization is also 

measured as a function of temperature (from 

300 K to 10 K) while the specimen is kept in a 

magnetic field of 2.5 T. These data allow to 

calculate the magnetic susceptibility in the low 

temperature range. The reciprocal of the 

magnetic susceptibility (1/κ) is plotted as a 

function of temperature (grey curves) together 

with the in-field magnetization curves (yellow 

curves, Fig. 6.29 and Appendix 11). All but one 

of the 21 specimens behave according to the 

Curie-Weiss law, i.e. κ ~ 1/T (see equation 

[2.15]). Hence, their magnetic susceptibility is 

dominated by paramagnetic phases. For 

specimen BR13TH049C1 (outcrop zone CN05), 

this is not the case (Appendix 11). The analysis 

shows that for this specimen the measured (in-

field) magnetization is about a factor 5 to 10 

smaller than for the other specimens. So, it 

seems that the lower total susceptibility of 

(powdered) specimen BR13TH049C1 with 

respect to other specimens results in a relatively 

less dominant paramagnetic contribution to the 

bulk susceptibility. Note that sample 

BR13TH049 is an outlier in the RT-AMS dataset 

with a average Km value of only 62 x 10
-6

 [SI]. 

Fig. 6.30(a) shows a comparison of the bulk 

magnetic susceptibility at 77 K (Km
LT

) and at 

room temperature (Km
RT

) for 167 specimens. 

The obtained Km
LT

 values are also listed in 

Appendix 12. There is clearly a very 

pronounced linear correlation between Km
RT

 

and Km
LT

 for all four research areas. 

Investigating the increase of Km at low 

temperature (i.e. the slope of the regression line 

in Fig. 6.30(a)) has some diagnostic potential. If 

the observed magnetic susceptibility is strongly 

dominated by paramagnetic phases, Km 

behaves according to the Curie-Weiss law 

(equation [2.15]) and the ratio Km
LT

 / Km
RT

 is 

equal to the reciprocal of the temperature ratio, 

i.e. 293 K / 77 K = 3.80. If Km
RT

 contains an 

important ferromagnetic (s.l.) contribution, which 

is not enhanced with decreasing temperature, 

the Km
LT

 / Km
RT

 ratio will be significantly lower 

than 3.80. Finally, the presence of a (negative) 

diamagnetic contribution to Km
RT

, which is 

temperature independent, will result in a slightly 

higher Km
LT

 / Km
RT

 ratio than 3.80. The slope of 

the linear regression line fitted for the data in 

Fig. 6.30(a) is 3.84. This value confirms that the 

magnetic susceptibility of the HSBs of the 

CAD is dominated by paramagnetic phases. 

LT-AMS 

In addition to the low temperature magnetic 

susceptibility, the anisotropy is also analyzed for 

167 specimens. The results (orientation of the 

principal axes and LT-AMS parameters) are 

listed in Appendix 12. Appendix 13 summarizes 

the orientation of the specimens‘ LT-AMS 

principal axes together with the RT-AMS 

principal axes of the same sample and the 

macroscopic fabric elements. 

Fig. 6.31(a) shows a comparison of the principal 

axes orientations for the LT-AMS and RT-AMS. 

It is clear that for most specimens, there is close 

correspondence between the K1
RT

 and K1
LT

 

orientation, the K2
RT

 and K2
LT

 orientation and the 

K3
RT

 and K3
LT

 orientation, respectively. For K1, 

only 12 out 167 specimens have an angle larger 

than 15° between the K1
RT

 and K1
LT

 orientation. 

These are dominantly specimens with a strongly 

oblate magnetic fabric (Fig. 6.31(b)) and hence, 

a poorly defined K1 orientation. For K3, 13 

specimens show an angle larger than 15° 

between the RT and LT orientation. These are 

all specimens with a strongly prolate magnetic 

fabric (Fig. 6.31(b)) and hence a poorly defined 

K3 orientation. For K2, there are 22 specimens 

showing an angle larger than 15° between the 
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Fig. 6.30: Plots of LT-AMS vs. RT-AMS parameters: (a) bulk susceptibility - Km ; (b) corrected degree of 

anisotropy - PJ and (c) shape parameter – T. 

RT and LT orientation. These are both 

specimens with a pronounced oblate magnetic 

fabric and specimens with a pronounced prolate 

magnetic fabric (Fig. 6.31(b)), which both have a 

poorly defined K2 orientation. The close 

correspondence between the RT and LT 

principal axes indicates that paramagnetic 

phases, which are enhanced in the LT-AMS, 

both control the RT-AMS and the LT-AMS. 

Fig. 6.30(b) shows a comparison of the 

corrected degree of anisotropy at 77 K (PJ
LT

) 

and at room temperature (PJ
RT

). There is a clear 

linear correlation between PJ
LT

 and PJ
RT

 for 

the four research areas. The regression line 

fitted through the dataset has a slope of 1.94. 

This value is similar to those found in other 

fine-grained sedimentary rocks dominated 

by paramagnetic phyllosilicates [e.g. 

Lüneburg et al., 1999; Parés and van der Pluijm, 

2002; Schmidt et al., 2007a; Debacker et al., 

2009; Parés and van der Pluijm, 2014]. For 

comparison, Debacker et al. [2009] investigated 

also 4 samples with a clear ferromagnetic 

contribution to the low-field AMS and these 

showed only a slope of ~0.6. The increase in the 

degree of magnetic anisotropy at low 

temperature is typical for paramagnetic mineral 

phases because the exchange interactions are 

relatively less suppressed by thermal agitation 

(see section 2.2.2 and 2.3.1). Consequently, the 

amount of increase depends on the nature of 

the exchange interactions in the mineral phase 

and it can therefore vary for different 

paramagnetic minerals. 

Finally, a comparison of the shape parameter at 

77 K (T
LT

) and at room temperature (T
RT

) shows 

again a clear linear correlation between T
LT

 

and T
RT

 for all four research areas (Fig. 6.30(c)). 

The regression line for the T data of the different 

areas has a slope close to 1, hence the T
LT

 is 

more or less equal to T
RT

. Similar observations 

have been made for the shape parameter of 

fine-grained sedimentary rocks dominated 

by paramagnetic phyllosilicates that are  
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Fig. 6.31: (a) Histogram plots showing the angle between the room temperature (RT) and low temperature (LT) 

principal magnetic susceptibilities for the 167 investigated specimens. (b) Plots of the angle between K1
RT

 and 

K1
LT

, K2
RT

 and K2
LT

 and K3
RT

 and K3
LT

, respectively, vs. the shape parameter T of the RT-AMS. 

described in literature [e.g. Lüneburg et al., 

1999; Parés and van der Pluijm, 2002; Schmidt 

et al., 2007a; Debacker et al., 2009; Parés and 

van der Pluijm, 2014]. However, some of the 

specimens of the CS research area with a 

prolate susceptibility ellipsoid, show a distinct 

difference between T
LT

 and T
RT

. This could 

indicate that these prolate magnetic fabrics 

reflect the composite signal of different (more 

oblate) subfabrics, which are not equally 

enhanced at low temperature. 

6.2.4 Isolating the paramagnetic 

contribution by a high-field approach 

The VSM approach 

Hysteresis loops, using a max. applied field of 

1 T, have been measured for 93 specimens in 

24 directions per sample. The loop measured 

with the applied field parallel to the sample‘s a 

direction (see Fig. 3.1) is shown for all 

investigated specimens in Appendix 14. Fig. 

6.32(a) shows the magnetic hysteresis loop of 

specimen BR11TH082C1, which has a behavior 

typical for most of the investigated specimens. It 

shows hysteresis loops that are strongly 

paramagnetic, i.e. there is a strong linear 

relationship between the magnetization and the 

induced magnetization. The ferromagnetic (s.l.) 

loop, obtained by subtracting the high-field linear 

fit from the raw data, shows no noticeable 

difference between the ascending and 

descending hysteresis branch. Moreover, it is 

very weak (generally about two orders of 

magnitude smaller than the total magnetization) 

and has a low signal to noise ratio (right figure). 

For most specimens, the ferromagnetic (s.l.) 

loop seems to saturate in the applied field 

range. However, there are also 4 specimens 

(BR11TH083B3, BR11TH087A3, 

BR11TH088A1 and BR13TH044C2), for which 

the applied field range seems insufficient to fully 

saturate the ferromagnetic (s.l.) phases (Fig. 

6.32(b)). The two investigated specimens of 

sample BR13TH049 are the only ones to show a 

noticeable deviation from the linear trend in the 

low-field range (Fig. 6.32(c)). Their 

ferromagnetic (s.l.) loop, shows a clear 

difference between the ascending and 

descending hysteresis branch and it is of the
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Fig. 6.32: Magnetic hysteresis loops measured in the specimen‘s a direction (see Fig. 3.1). Each left figure shows 

the raw data (rd.) and each right figure shows the magnetization (black curve) after subtraction of the (linear) 

paramagnetic contribution (slope corrected – sc.) and the magnetization resulting from the difference of the 

ascending and descending branches of the loops (grey curve). 

same magnitude as those observed for the other 

specimens. The magnitude of the total moment 

is an order of magnitude smaller than those of 

the other specimens (e-4 vs. e-5). This makes 

the relative contribution of the ferromagnetic 

(s.l.) phase to the total magnetization more 

important. For comparison, the ferromagnetic 

(s.l.) loop of specimen BR09TH056A6 also 

shows a clear difference between the ascending 

and descending hysteresis branch (Fig. 6.32(d)). 

However, as its total magnetization is 10 times 

stronger than that of the BR13TH049 

specimens, the magnetization curve shows no 

noticeable deviation from the linear trend. 

Due to the likely nonsaturation of the 

ferromagnetic (s.l.) contribution (direct evidence: 

the 4 specimens mentioned above and indirect: 

the presence of a SP phase, which has been 

demonstrated in the remanence experiments 

above), we have chosen to calculate the high-

field susceptibility (κ
hf
) and the saturation 

magnetization (Ms) by an approach-to-saturation 

fitting (Jackson and Solheid [2010]; 

equation [3.2]). Unfortunately, the very weak 

ferromagnetic (s.l.) signal results in a large 

uncertainty for Ms. Fig. 6.33 shows that the 

mass susceptibility (χ
hf
), and hence also κ

hf
; are 

relatively robust (consistent values for different β 

coefficients), but the values obtained for Ms are 

very sensitive to changes in the β coefficient (up 

to 80 %) and the correlation coefficient of the 

regression line is nearly identical (≈ 1.00) for the 

different trial values for β. Hence, it is not 

possible to determine a reliable value for Ms 

 

Fig. 6.33: Least squares best fit values of the 

saturation magnetization (Ms, black squares) and the 

high-field susceptibility (χ
hf

, white circles) for trial 

values of the β fitting coefficient between -1 and -2 

(see eq. [3.2]) obtained from the hysteresis loop 

measured in the a-direction of specimen 

BR09TH132A7. The best fit overall (grey triangles 

show R
2
) is obtained for β = -1. Ms and χ

hf
 are 

normalized to their best-fit value (β = -1). 
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Fig. 6.34: (a) Plot of the magnetic susceptibility calculated from the high-field part of the hysteresis loops (χ
hf

) vs. 

the magnetic susceptibility calculated from the low-field part (χ
lf
). (b) Cumulative frequency of the χ

hf
 / χ

lf
 ratio for 

the different research areas. Data is shown for all measured hysteresis loops (24 directions per specimen). For 15 

specimens, no reliable χ
lf
 could be determined (not shown in figures). 

from the data. As explained in section 3.2.3, we 

would have liked to use Ms as an internal 

calibration standard. This is because it is an 

isotropic specimen property that allows to 

correct the hysteresis loop measurements in 

different directions for sample size and shape 

effects. The inability to correct for these effects 

causes a large uncertainty in the VSM-based 

tensor determination of the HF-AMS. For 

example, the obtained inaccuracy estimate on 

the direction of the principal magnetic 

susceptibilities ranges up to 70°. So, it seems 

that for specimens with a dominant 

paramagnetic contribution, the VSM 

approach is an inadequate way to determine 

the HF-AMS. In a recent comparative study of 

magnetic anisotropy measurement techniques 

for two samples, i.e. one that is dominantly 

paramagnetic and one with a stronger 

ferrimagnetic contribution, Bilardello and 

Jackson [2014] came to the same conclusion. 

Although the anisotropy results of the VSM 

approach are discarded, the hysteresis loops 

are still useful to determine the difference 

between high-field and low-field magnetic 

susceptibility. In addition to κ
hf
/χ

hf
, we also 

quantified the slope at zero field (between -10 

and 10 mT) in order to determine κ
lf
/χ

lf
. For 15 

out of 93 specimens, the calculation resulted in 

an unrealistically low value, i.e. 

χ
lf
 < 1 e-10 m

3
/kg (or 3 orders of magnitude 

smaller than the χ
hf
 value). Fig. 6.34(a) shows a 

plot of χ
hf
 vs. χ

lf
 for all other specimens. The 

graph shows a very pronounced linear 

correlation (R
2
 = 1.00) with a slope of 0.96. Fig. 

6.34(b) shows the cumulative frequency of the 

χ
hf
 to χ

lf
 ratio, which is expected to be equal to 1 

for a specimen that shows only a paramagnetic 

signature. 

 For the CS research area, all hysteresis 

measurements show a χ
hf
 / χ

lf
 > 0.88. If we 

calculate the average χ
hf

 / χ
lf
 ratio per 

specimen, we obtain values from 0.92 to 

0.97 (average 0.94). 

 For the CN research area, all but the 

hysteresis measurement of specimen 

BR13TH049D3 show a χ
hf
 / χ

lf
 > 0.88. For 

specimen BR13TH049D3, we have found 

values ranging from 0.65 to 0.97 (average 

0.77). Note the specimens of BR13TH049 

were the only specimens to show a 

hysteresis loop with a noticeable deviation 

from the linear trend (Fig. 6.32(c)). Its χ
hf
 

and χ
lf
 is also markedly lower than that of 

all other specimens. The χ
lf
 of specimen 

BR13TH049B1 could not be determined. 

Apart from the BR13TH049 specimens, the 

average χ
hf

 / χ
lf
 ratio per specimen ranges 

from 0.91 to 0.97 (average 0.95). 
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 For the MASB research area, all 

hysteresis measurements show a 

χ
hf
 / χ

lf
 > 0.88, and the average χ

hf
 / χ

lf
 ratio 

per specimen ranges from 0.93 to 0.98 

(average 0.97). 

 Finally, for the MNSB research area, the 

hysteresis measurements consistently 

show a χ
hf
 / χ

lf
 > 0.94. The average 

χ
hf

 / χ
lf
 ratio per specimen is systematically 

equal to 0.97. 

This comparison between high-field and low-

field magnetic susceptibility (χ
hf

 / χ
lf
 ratio) gives 

us an estimate of the amount of paramagnetic 

contribution to the (bulk) low-field magnetic 

susceptibility for the investigated specimens. 

Apart from the two specimens of sample 

BR13TH049, all investigated specimens of the 

different research areas show a dominant 

paramagnetic contribution, which is responsible 

for more than 90 % of the low-field magnetic 

susceptibility. For the specimens of the MASB 

and MNSB research this is even above 95 %. 

The specimens of sample BR13TH049 seem to 

be the only ones with a significant ferromagnetic 

contribution to the low-field magnetic 

susceptibility (23 %). The estimates for the 

paramagnetic contribution to the low-field 

magnetic susceptibility of the investigated 

specimens are listed in Appendix 15. 

The torque approach 

Torque magnetometry using six different fields 

ranging from 1.0 to 1.5 T, has been performed 

for 126 specimens. The obtained torque curves 

all show a well-defined periodical function 

(cf. specimen BR09TH004A4 in Fig. 6.35(a) and 

specimen BR09TH131C3 in Fig. 6.35(b)). The 

amplitude of the torque signal depends linearly 

on the square of the applied field above the 

saturation of the ferromagnetic (s.l.) phases. On 

fitting the data with a least squares method, the 

intercept with the y-axis is generally not 

significant different from zero (cf. specimen 

BR09TH004A4 in Fig. 6.35(a)). This suggests 

that there is only a very limited ferromagnetic 

(s.l.) contribution to the anisotropy of magnetic 

susceptibility of the specimens. Note that for 

specimen BR09TH131C3 (Fig. 6.35(b)), the y-

intercept seems significant (~2 J/m
3
) for the 

amplitudes of the torque functions of rotation 

position 1, indicating a (minor) ferromagnetic 

(s.l.) contribution to the magnetic anisotropy. 

The mathematical approach of Martín-

Hernández and Hirt [2001, 2004] allows to 

 

Fig. 6.35: Example of torque magnetometry analysis for specimens (a) BR09TH004A4 and (b) BR09TH131C3. 

The three left graphs show the torque per unit volume as a function of angle in the measured rotation position for 

six different fields (1.0 to 1.5 T). The graph on the right shows the amplitude of the 2θ term (of the torque curves) 

as a function of the inducing magnetic field squared (B
2
) for the three orthogonal measurement rotations. ΔK1/2/3 

are the deviatoric principal magnetic susceptibilities of the paramagnetic contribution to the HF-AMS. 



CHAPTER 6 REGIONAL MAGNETIC FABRIC ANALYSIS 

130 

quantify the amount of paramagnetic and 

ferromagnetic (s.l.) contribution on the basis of 

the torque data. Fig. 6.36 shows the cumulative 

frequency of the amount of paramagnetic 

contribution in the 126 investigated specimens 

(data listed in Appendix 15). For all four 

research area, a large majority of the 

specimens has a paramagnetic contribution, 

which is responsible for 90 % or more of the 

observed magnetic anisotropy. The lowest 

amount of paramagnetic contribution to the 

magnetic anisotropy is observed for specimen 

BR09TH148A3 of the MNSB research area 

(78 %). Furthermore, it can be noted that the 

specimens of sample BR13TH049, which have 

a relatively low paramagnetic contribution to the 

bulk magnetic susceptibility, have nonetheless a 

rather high amount of paramagnetic contribution 

to the magnetic anisotropy (92 and 93 %). There 

seems to be no correlation between the amount 

of paramagnetic contribution to the bulk 

magnetic susceptibility and the amount of 

contribution to the magnetic anisotropy. 

On the basis of the high-field torque data, a 

deviatoric tensor is computed for the isolated 

paramagnetic contribution to the magnetic 

anisotropy of the specimens. The magnitude of 

the deviatoric eigenvalues (ΔK1
(para)

, ΔK2
(para)

, 

ΔK3
(para)

) and their orientation are listed in 

Appendix 15. The orientation is also visualized 

in a stereonet together with the low-field AMS in  

 

Fig. 6.36: Cumulative frequency showing the amount 

of the magnetic anisotropy that is due to the 

paramagnetic contribution to the magnetic anisotropy. 

Values determined determined from a torque 

magnetometry analysis for 126 specimens. 

Appendix 13. Fig. 6.37 shows histogram plots 

for the difference between low-field K1, K2 and 

K3 orientations and high-field ΔK1
(para)

, ΔK2
(para)

, 

ΔK3
(para)

 orientations, respectively. For a large 

group of specimens (80 to 89 out 126 

specimens), the difference between the low-

field and high-field orientations is minimal 

(< 20°). For the other specimens, the difference 

between the low-field and high-field orientation 

is very significant. The orientation of these 

isolated paramagnetic principal axes do not 

seem to be related to the orientation of the 

macroscopic fabric elements. This observation 

seems odd as also these specimens have a 

strongly dominant paramagnetic contribution to 

the magnetic anisotropy and thus, the isolated 

paramagnetic principal axes should be more or 

less parallel to their low-field counterparts. 

In order to compare the anisotropy of the 

(deviatoric) isolated paramagnetic tensors to 

that of the low-field AMS tensors, the anisotropy 

parameter k‘ and the shape parameter U (see 

section 2.4.3) are calculated for both tensors. 

Fig. 6.38(a) shows a plot of the high-field k‘ vs. 

the low-field k‘ and Fig. 6.38(b) shows a plot of 

the high-field shape parameter U vs. the low-

field shape parameter U. Both plots are 

characterized by a very strong linear 1 to 1 

correlation. So, because the deviatoric 

anisotropy of the isolated paramagnetic 

contribution is the same as that of the low-field 

AMS this suggests that the anisotropy of the 

low-field AMS is completely governed by 

paramagnetic phases. 

The isolated paramagnetic contribution of 

the HF-AMS 

To compute a full, isolated paramagnetic tensor 

for the investigated specimens, the bulk 

paramagnetic susceptibility should be added to 

the deviatoric tensor (obtained by the torque 

approach). We have chosen to determine the 

bulk paramagnetic susceptibility by 

multiplying the low-field bulk magnetic 

susceptibility (Km) with the χ
hf

 / χ
lf
 ratio 

(obtained by the VSM approach). This way, the 

value is not influenced by shape effects, which 

can be significant if one would just average χ
hf
 

over all measurement directions. For the 

specimens, for which no hysteresis loop has 

been measured or for which the low-field 
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Fig. 6.37: Histogram plots showing the angle between the low-field (LF) and deviatoric high-field (HF) principal 

magnetic susceptibilities for the 126 investigated specimens. 

 

Fig. 6.38: (a) Plot of the high-field k‘ anisotropy parameter (torque approach) vs. the low-field k‘ showing a 

pronounced 1 to 1 correlation. (b) Plot of the high-field shape parameter U (torque approach) vs. the low-field 

shape parameter U showing a pronounced 1 to 1 correlation. 

susceptibility resulted in an unrealistic value, the 

average χ
hf
 / χ

lf
 ratio of the research area is 

used. Now that we have the full paramagnetic 

HF-AMS tensors, the corrected degree of 

anisotropy (PJ
hf
) and the shape parameter T

hf
 

can be calculated. Fig. 6.39(a) shows a plot of 

PJ
hf
 vs. PJ and Fig. 6.39(b) shows a plot of T

hf
 

vs. T. Similar as for the deviatoric parameters, 

we find very strong linear correlations both 

for PJ and T with a slope (nearly) equal to 1. 

Again, we can conclude that the similarity of the 

high-field and low-field anisotropy parameters 

suggests that the anisotropy of the low-field 

AMS is strongly dominated by paramagnetic 

phases. 

6.2.5 Discussion and synthesis 

Additional rock-magnetic experiments and a 

chemical analysis have been performed on a 

subset of CAD specimens in order to investigate 

the presence of a ferromagnetic (s.l.) 

contribution to the magnetic susceptibility and its 

anisotropy. The demagnetization experiment 

showed that the magnetic remanence is carried 

by both a soft and a hard ferromagnetic (s.l.) 

phase (Fig. 6.28). By means of investigating the 

low temperature behavior of the magnetic 

remanence, we found that the soft phase is 

magnetite and the hard phase is a nanosized 

superparamagnetic phase (Fig. 6.29). The 

relative contribution of both phases to the 

magnetic remanence seems to be variable for 

the different specimens. 

The contribution to the (bulk) magnetic 

susceptibility of these ferromagnetic (s.l.) 

phases can be estimated from (1) comparing the 

measured magnetic susceptibility to the MTPS, 

(2) the temperature dependency of the magnetic 

susceptibility and (3) comparing the low-field 
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Fig. 6.39: (a) Plot of the high-field PJ vs. the low-field PJ. (b) Plot of the high-field shape parameter T vs. the low-

field shape parameter T. The high-field parameters are calculated from the deviatoric HF-AMS tensor (torque 

approach) and the high-field bulk magnetic susceptibility, which is calculated as the low-field Km multiplied by the 

χ
hf

 / χ
lf
 ratio (VSM approach). 

and high-field magnetic susceptibility obtained 

with the VSM approach. 

 The MTPS showed a similar value as the 

measured Km for most specimens (Fig. 

6.27). Only for the samples of the MASB 

research area, the MTPS seems to be 

consistently lower than the Km suggesting 

some ferromagnetic (s.l.) contribution to the 

magnetic susceptibility. A problem with this 

analysis is that the 10 mg powder, which is 

used for the chemical analysis, is not 

necessarily representative for the entire 

cubic specimen, of which it is obtained. 

 The empirically determined magnetic 

susceptibility as a function of temperature 

curves (Fig. 6.29) showed a behavior that 

follows the Curie-Weiss law for all but one 

specimen (BR13TH049C1). Furthermore, 

comparing the bulk magnetic susceptibility 

at room temperature and at 77 K showed a 

ratio of 3.8 to 4.0. This is also conform with 

the Curie-Weiss law, i.e. the susceptibility 

ratio equals the reciprocal of the 

temperature ratio. 

 The magnetic hysteresis loops determined 

in the VSM approach show a very 

pronounced linear behavior (Fig. 6.32). The 

only specimens with a noticeable deviation 

from the linear trend are BR13TH049B1 

and BR13TH049D3. These loops allowed 

us to determine both the high-field 

susceptibility (χ
hf
) and the low-field 

susceptibility (χ
lf
). Except for the specimens 

of sample BR13TH049, the ratio of χ
hf
 to χ

lf
 

is consistently larger than 0.90 (Fig. 6.34). 

The ferromagnetic (s.l.) contribution to the 

magnetic anisotropy can be estimated from (1) 

comparing low temperature AMS (LT-AMS) to 

room temperature AMS (RT-AMS) and (2) by 

isolating the paramagnetic contribution using a 

high-field approach and comparing the obtained 

HF-AMS to the low-field RT- AMS. 

 Generally, there is a close correspondence 

between the LT-AMS and RT-AMS 

principal axes orientations (Fig. 6.31). The 

shape of the LT-AMS and RT-AMS 

ellipsoids are very similar (Fig. 6.30(c)). 

The degree of anisotropy of the LT-AMS is 

linearly correlated to the degree of 

anisotropy of the RT-AMS. The slope of the 

regression line is 1.94. This increase in 

anisotropy is similar to that observed for 

other sedimentary rocks completely 

dominated by paramagnetic (phyllosilicate) 

minerals [cf. Lüneburg et al., 1999; Parés 

and van der Pluijm, 2002; Schmidt et al., 

2007a; Debacker et al., 2009; Parés and 

van der Pluijm, 2014]. It reflects the 

increase in single crystal anisotropy of the 

paramagnetic crystals (see section 2.3.1). 

 The HF-AMS tensor is obtained by 

combining the deviatoric tensor from the 

torque approach with the low-field Km 

multiplied by the χ
hf
 to χ

lf
 ratio (VSM 

approach). The orientation of the principal 

HF-AMS axes shows some differences with 
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the orientation of the low-field principal 

axes. For about one in three of the 

investigated specimens, this difference is 

rather significant. However, the degree of 

anisotropy (PJ) and the shape parameter T 

do show very similar values for the high-

field and low-field approach (Fig. 6.39). 

Based on these different experiments and 

analyses, it seems apparent that although the 

HSBs of the CAD generally contain a magnetite 

and a SP phase, both their magnetic 

susceptibility and their anisotropy are 

dominated by paramagnetic phases. A 

quantification of the amount of paramagnetic 

contribution to the magnetic susceptibility and its 

anisotropy can be obtained from the high-field 

approaches, i.e. χ
hf
 to χ

lf
 ratio of the VSM 

approach for the former and mathematical 

processing of the torque functions for the latter. 

Both consistently show a paramagnetic 

contribution of 90 % and more. It should be 

emphasized that the interpretation of these 

values has to be carried out with care as the SP 

phase does not saturate in the applied field 

range and therefore, continues to contribute to 

an increase in magnetization with increasing 

applied field. For the VSM approach, this is 

(partially) solved by applying an approach-to-

saturation fitting instead of a linear fitting [cf. 

Jackson and Solheid, 2010]. For the torque 

approach, such a correction cannot be made. 

However, the very symmetrical torque functions 

(Fig. 6.35) suggest that there is no major 

influence of a hard antiferromagnetic phase as 

this would result in more asymmetric (skewed) 

torque functions [cf. Martín-Hernández and Hirt, 

2004]. 

The influence of the ferromagnetic (s.l.) 

contribution on the low-field RT-AMS seems 

only significant in the specimens of sample 

BR13TH049. This is because this sample has a 

very low magnetic susceptibility 

(62 ± 10 x 10
-6

 [SI]) and hence, its paramagnetic 

contribution is relatively less dominant with 

respect to the ferromagnetic (s.l.) contribution. 

The different experiments and analyses 

presented in this section do not indicate that the 

sometimes relatively high values of Km (in all 

four research areas) and for PJ (in the MASB 

research area) are caused by ferromagnetic 

(s.l.) phases. Therefore, we conclude that the 

Km and PJ rule of thumb upper limits for a 

paramagnetic contribution (Fig. 6.25) of 

Rochette et al. [1992] are not valid for the HSB 

rocks of the CAD. The very high Km values can 

be explained by a purely paramagnetic 

susceptibility due to the high FeO content of 

some HSB specimens (up to 11.6 wt%). The 

very high PJ values of HSB rocks in the MASB 

research area can potentially be explained by 

the very strong alignment of chloritoid crystals, 

for which we have demonstrated that they 

possess an extremely high magnetocrystalline 

anisotropy (PJ = 1.47 ± 0.06). The latter will be 

further tested in the next section. 

6.3  Comparison of the magnetic 

fabric to the preferred orientation of 

the constituent minerals for 

specimen BR09TH131C3 

The very high magnetocrystalline degrees of 

anisotropy of chloritoid (see section 5.3) and the 

observation that the chloritoid-bearing HSBs of 

the MASB research area show (low-field) PJ 

values up to 1.43, whereas the HSBs free of 

chloritoid, in the Crozon research areas, show 

only PJ values up to 1.27 (see section 6.1.2 ), 

suggest that the very strong paramagnetic 

anisotropy of the chloritoid-bearing HSBs of the 

MASB may be due to a (very) strong alignment 

of the chloritoid crystals. To our knowledge, 

there are no examples of a quantitative texture 

analysis on chloritoid-bearing rocks, making it 

impossible to check the validity of this 

assumption. Therefore, the presumed strong 

chloritoid alignment in the HSBs of the MASB 

research area was the incentive to study the 

preferred orientation of the rock-forming 

minerals for a specimen with a very high PJ 

value. 

The preferred orientation of phyllosilicates in 

argillaceous metasedimentary rocks has been 

studied primarily by X-ray pole figure goniometry 

[e.g. Wood and Oertel, 1980; Oertel, 1983; 

Sintubin, 1993; van der Pluijm et al., 1994]. 

Since then, new methods have been developed 

to obtain quantitative information from diffraction 

images produced by high energy synchrotron X-

rays [e.g. Wenk et al., 2010]. A major advantage 

of the synchrotron X-ray method is that 

information is obtained about the full crystal 

preferred orientation (CPO) of all minerals 
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composing a bulk sample. In this section, we 

present the preferred orientation of the 

constituting minerals muscovite, chloritoid, 

chlorite and quartz of a representative specimen 

of the chloritoid-bearing HSBs of the MASB to 

explore whether the pronounced magnetic 

anisotropy in this chloritoid-bearing HSB can 

uniquely be attributed to a strong alignment of 

chloritoid crystals. Note that a link between 

mineral preferred orientations and magnetic 

properties is well established for fine-grained 

sedimentary rocks in which the magnetic 

properties are dominated by the paramagnetic 

phyllosilicate minerals [e.g. Richter et al., 1993; 

Siegesmund et al., 1995; Chadima et al., 2004; 

Hansen et al., 2004; Martín-Hernández et al., 

2005; Cifelli et al., 2009; Oliva-Urcia et al., 

2010]. This comparison between magnetic and 

mineral fabric for a single specimen of the 

MASB research area is published in Haerinck et 

al. [Haerinck et al., 2014]. 

6.3.1 Magnetic properties of sample 

BR09TH131C3 

The selected specimen is BR09TH131C3 of 

outcrop MA006 (coordinates: N48° 24‘ 22.970‖ – 

W03° 54‘ 42.579‖) in the MASB03 outcrop zone 

(see Appendix 2). The outcrop displays a 

multimeter-scale antiform and consists of a 

multilayer sequence with relatively thin quartzitic 

and pelitic layers, a few competent quartzitic 

sandstone beds and two HSBs. The specimen 

has been taken from the HSB in the overturned 

limb in the core of an antiform (Fig. 6.40). This 

HSB shows a strongly developed cleavage 

fabric and lack any macroscopically visible 

bedding fabric or grain-size variation. An 

intersection lineation is often visible on the 

cleavage planes, having a subhorizontal NE-SW 

trending orientation. Microscopic fabric analysis 

shows that the strongly developed tectonic 

cleavage is a spaced foliation, consisting of 

cleavage domains with micaceous material and 

chloritoid minerals and microlithons containing 

primarily quartz (Fig. 4.9(d)). Mineralogical 

analysis of the HSBs of the MASB03 outcrop 

area shows that the HSBs are dominated by 

quartz (42 ± 9 vol%) and white mica 

(37 ± 10 vol%), with a significant fraction of 

chloritoid (18 ± 5 vol%) and a minor amount of 

chlorite (2 ± 2 vol%) (see section 4.2.4). 

 

Fig. 6.40: Outcrop MA006 in the MASB research area 

(coordinates: N48° 24‘ 22.970‖ – W03° 54‘ 42.579‖, 

see Appendix 2 for location). (a) Photograph of the 

outcrop. (b) Line drawing with indication of the HSB 

and sample locations. The insert shows cubic 

specimen BR09TH131C3 (for AMS analysis) with its 

Cartesian coordinate system (A, B, C) and the slab 

cut from it for the synchrotron diffraction 

measurement (grey). 

The low-field AMS shows a bulk magnetic 

susceptibility (Km) of 389 x 10
-6

 [SI]. The 

magnetic susceptibility ellipsoid is strongly 

oblate, as evidenced by a shape parameter (T) 

of 0.76, and has an extremely strong 

eccentricity, evidenced by a corrected degree 

of anisotropy (PJ) of 1.40. The minimum 

magnetic susceptibility axis (K3) shows a close 

angular relationship with both the pole to 

bedding and the pole to cleavage (sample‘s C 

axis, Fig. 6.41): both poles are oriented at an 

angle of 6° with respect to K3, which is roughly 

equal to the accuracy of the sampling and 

preparation procedure. The maximum magnetic 

susceptibility axis (K1) is subhorizontal and NE-

SW directed, and approximates both the 

sample‘s A axis (difference of 3°) and the fold 

hinge lines and bedding-cleavage intersection  
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Fig. 6.41: Magnetic anisotropy parameters of 

specimen BR09TH131C3. Abbreviations: EV – 

eigenvalues of the AMS tensor, Dir‘n – direction of the 

AMS eigenvalues or macroscopic fabric elements 

(trend / plunge or dip direction / dip). 

lineation in the outcrop (Fig. 6.41). Note that the 

calculated bedding-cleavage intersection of the 

sample plunges to the south, and thus is oblique 

with respect to K1 (Fig. 6.41). However, the 

small angle between bedding and cleavage in 

combination with the poorly constrained bedding 

orientation, makes this calculated intersection 

orientation very uncertain. The intermediate 

susceptibility axis (K2) coincides more or less 

with the dip direction of the cleavage, i.e. the 

sample‘s B axis (difference of 5°). As 

demonstrated in the previous section, isolating 

the paramagnetic contribution from the high-

field AMS results in a very similar orientation 

and anisotropy values, i.e. PJ
hf

 of 1.38 and T
hf
 of 

0.80 (Fig. 6.41). 

6.3.2 Texture analysis 

The texture analysis using hard X-ray 

synchrotron diffraction was performed on a slab 

of specimen BR09TH131C3 (insert Fig. 6.40(b)). 

The slab is mounted on a goniometer, which 

allows positioning the slab in different 

orientations in the beam (Fig. 3.8). Fig. 6.42 

shows the diffraction image at 0° tilt (i.e. the 

beam is parallel to the specimen‘s A-axis) and 

axes C and B are indicated. Intensity variations 

along Debye rings are indicative of the preferred 

orientation, which is strong for phyllosilicates, 

e.g. muscovite M002 and chloritoid Ct004 and 

weak for quartz Q100. Fig. 6.43 shows two 

diffraction patterns (cross-cuts of Fig. 6.42), one 

parallel and the other perpendicular to the 

foliation, i.e. along the sample‘s B and C axis, 

respectively. They show very different 

intensities. The pattern perpendicular to the 

foliation (top) shows very high intensities for 

basal plane reflections of the phyllosilicates 

(M002, Ch002, M004) and of chloritoid (Ct004). 

There is excellent agreement between the 

measured spectrum (crosses on Fig. 6.43) and 

the Rietveld model (solid line on Fig. 6.43). This 

is even more obvious in Fig. 6.44, presenting a 

stack of all diffraction patterns for an image with 

experimental data at the bottom and the 

Rietveld fit on top. Debye rings in the image in 

Fig. 6.42 are here expressed as straight lines. 

The Rietveld refinement provides volume 

fractions of the different phases (Table 6.11). 

The slab of the HSB specimen is dominated by 

quartz (45 vol%), muscovite (42 vol%), chloritoid 

(13 vol%) and only a small fraction of chlorite 

(1 vol%). These values conform very well with 

the composition determined for other HSB 

specimens collected in the MA006 outcrop, i.e. 

42 ± 9 wt% quartz, 37 ± 10 wt% muscovite, 

18 ± 5 wt% chloritoid and 2 ± 2 wt% chlorite. 

 

Fig. 6.42: Synchrotron diffraction image of specimen 

BR09TH131C3 at 0° tilt (i.e. slab is perpendicular to 

the beam). The specimen‘s C axis (~cleavage pole) is 

horizontal. Intensity variations along Debeye rings are 

indicative of texture (e.g. (002) of muscovite (M002), 

(004) of chloritoid (Ct004) and (100) of quartz 

(Q100)), particularly evident for the inner rings (high 

d-spacings).
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Fig. 6.43: Diffraction patterns of specimen BR09TH131C3 along the B-axis (bottom) and along the C-axis (top). 

Crosses indicate the measured spectrum; solid line indicates the Rietveld fit. Tick below the spectrum show 

position of diffraction peaks of contributing mineral phases (e.g. (002) and (004) of muscovite (M002; M004), 

(002) of chlorite (Ch002), (004) of chloritoid (Ct004) and (100) of quartz (Q100)). 

Pole figures in equal area projection on the 

foliation plane of the different phases are shown 

in Fig. 6.45 and Fig. 6.46. Contours express 

pole densities in multiples of a random 

distribution (m.r.d.). The pole figure minima and 

maxima are given in Table 6.11. The pole 

figures for muscovite and chloritoid display 

very strong maxima for (001) perpendicular to 

the foliation, indicative of a strong shape 

preferred orientation of both muscovite (38.6 

m.r.d.) and chloritoid (20.9 m.r.d.) within the 

cleavage foliation. The orientation distribution 

patterns are basically axially symmetric. Small 

deviations from axial symmetry are attributed to 

incomplete pole figure coverage. Although much 

weaker, chlorite shows a similar orientation 

distribution (5.8 m.r.d.) (Fig. 6.45). The preferred 

orientation patterns of quartz are weak (< 1.5 

m.r.d.) (Fig. 6.46). The most striking features, 

though, are a maximum of positive rhombs (101) 

perpendicular to the foliation (1.55 m.r.d.) and a 

concentration of quartz a-axes (110) in the plane 

of foliation and parallel to the sample‘s A 

direction, i.e. bedding-cleavage intersection 

lineation. Furthermore, the quartz c-axes (001) 

form a complex small circle girdle with a distinct 

minimum perpendicular to the foliation. 

Table 6.11: Volume fractions and pole figure maxima and minima (in m.r.d.). 

  
Vol % 

(100) (010); Qz (110) (001) (101) (011) 

max min max min max min max min max min 

Muscovite 42 4.9 0.02 5.5 0 38.6 0 
    

Chloritoid 13 1.8 0.5 2.6 0.3 20.9 0.5 
    

Chlorite < 1 2.1 0.6 1.7 0.2 5.8 0.4 
    

Quartz 45 
  

1.3 0.8 1.5 0.4 1.4 0.7 0.7 1.3 
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Fig. 6.44: Two-dimensional map plots comparing observed (bottom) and calculated spectra (top) for image taken 

at 0° tilt (see Fig. 6.42). The image represents stacks of 72 diffraction spectra averaged over 5° azimuth intervals. 

Intensity variation along lines are indicative of texture (e.g. (002) and (004) of muscovite (M002; M004), (002) of 

chlorite (Ch002), (004) of chloritoid (Ct004) and (100) and (101) of quartz (Q100; Q101)). 

6.3.3 Discussion 

With synchrotron X-ray diffraction, preferred 

orientation distributions of complex polymineralic 

rocks such as the HSBs can be quantified, 

which is not possible with traditional pole figure 

goniometry. By analyzing diffraction images with 

the Rietveld method we can obtain separate 

pole figures for any crystallographic direction for 

muscovite, chloritoid, chlorite and quartz, as well 

as volume fractions of the phases. This provides 

a basis for comparing microstructural fabric 

characteristics with bulk magnetic properties. 

The axial pole figure patterns of muscovite, 

chlorite and chloritoid (Fig. 6.45) can be 

interpreted to reflect a pure flattening strain 

related to slaty cleavage development. These 

pole figure patterns do not bear any evidence for 

the development of a stretching lineation, nor is 

there any indication of an intersection lineation 

resulting from two different orientation 

populations [cf. Sintubin, 1996; Sintubin, 1998], 

regardless of the macroscopic presence of a 

bedding/cleavage intersection lineation. It is 

remarkable that the preferred orientations of 

both muscovite (38.9 m.r.d.) and chloritoid (20.9 

m.r.d.) is extremely high with respect to other 

fine-grained metasedimentary rocks, such as 

very low-grade to low-grade metamorphic 

shales and slates in the Palaeozoic of the 

Brabant-Ardennes area (Belgium – France; 

commonly ranging between 3 and 6 m.r.d. 

exceptionally up to 25 m.r.d. [Sintubin, 1994a; 

Debacker and Sintubin, 2008]) and in the high-

strain Cambrian slate belt of Wales (UK; 

commonly ranging between 9 and 14 m.r.d., 
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Fig. 6.45: Pole figures for muscovite, chloritoid and chlorite (100), (010) and (001) lattice planes (monoclinic first 

setting). Equal-area projections on the cleavage plane, log scale intervals in multiples of random distribution 

(m.r.d.). 

exceptionally up to 20 m.r.d. [Wood and Oertel, 

1980]). 

Experimental studies of fabric formation in fine-

grained sediments have shown that mechanical 

rotation of pre-existing grains is only capable of 

producing fabrics up to about 10 m.r.d. [Tullis, 

1976; Haines et al., 2009]. Hence, the 

extremely strong muscovite and chloritoid 

texture in the specimen of the MASB has to 

result from a preferred metamorphic mineral 

growth in response to a differential stress [cf. 

van der Pluijm et al., 1998; Ho et al., 2001]. This 

is conform with the syntectonic character of the 

chloritoid growth that has been observed 

throughout the MASB [Darboux and Garreau, 

1976; Darboux, 1991]. Syntectonic growth, 

related to a pure flattening tectonic strain, may 

also explain the axial symmetry of the pole 

figure patterns of both phyllosilicates 

(muscovite, chlorite) and chloritoid. 

With respect to the quartz pole figure patterns 

(Fig. 6.46), it is striking that a maximum of the 

positive rhombs 101 is oriented perpendicular 

to the slaty cleavage, i.e. parallel to the overall 

shortening direction. This could be due to 

mechanical Dauphiné twinning, which aligns 
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Fig. 6.46: Pole figures for quartz. Equal-area projections on the cleavage plane, linear scale intervals in multiples 

of random distribution (m.r.d.). 

the direction of greatest elastic compliance, 

orthogonal to the positive rhombs, with the 

maximum compressive principal stress direction 

[e.g. Tullis, 1970], but this would not explain the 

quartz c-axis preferred orientation. Alternatively, 

it could be caused by dynamic recrystallization 

under stress with growth of crystals in 

thermodynamically favorable directions [e.g. 

Kamb, 1959]. Crystal-plastic deformation 

features in quartz grains (irregular shape, lobate 

boundaries, undulose extinction) indicate that 

recrystallisation of quartz grains is also 

syntectonic [van Noorden, 2007]. 

In order to investigate the relationship between 

texture and magnetic anisotropy of the HSB 

specimen, we compared (1) the orientation of 

the magnetic fabric to the mineral’s CPO and 

(2) the anisotropy of the measured AMS 

tensors of the specimen to that of the 

calculated magnetic susceptibility tensor of a 3-

phase model of the HSB rocks. The latter is 

obtained, firstly, by calculating the magnetic 

susceptibility tensors for the muscovite, 

chloritoid and chlorite phase based on the CPOs 

and single crystal tensors, and secondly, by 

taking their weighted average according to the 

relative volume percentage of the different 

phases, i.e. 42 % muscovite, 13 % chloritoid and 

1 % chlorite. Quartz has a magnetic 

susceptibility of - 14 x 10
-6

 [SI] [Hrouda and 

Kapička, 1986]. Therefore, the quartz 

contribution (41 %) does reduce the overall 

strength of the calculated magnetic tensor but 

has no significant influence on its anisotropy. 

The magnetic 2
nd

 rank tensor calculations are 

done using BEARTEX (Wenk et al., 1998). The 

single crystal tensor of chloritoid is derived from 

our own single crystal measurements (see 

section 5.3), those from muscovite and chlorite 

from single crystal measurements of 

Biedermann et al. [2014] (section 5.1 and 5.2). 

The single crystal tensors used for the 

calculation are given in equation [5.1], [5.3] and 

[5.4] and in Table 6.12. Note that these single 

crystal tensors consider the magnetic 
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susceptibility to be isotropic within the crystal‘s 

basal plane. 

Both the orientation of the minimum magnetic 

susceptibility axis (K3) and the preferred 

orientation maximum of (001) for muscovite, 

chloritoid and chlorite are sub-parallel to the 

sample‘s C axis, and hence parallel to the 

cleavage pole (Fig. 6.41). As the CPOs of 

muscovite, chloritoid and chlorite are axially 

symmetric and the magnetic susceptibility 

ellipsoid is strongly oblate, it follows that the 

mineral and magnetic fabric are sub-parallel. 

The magnetic data also show a weak lineation, 

i.e. there is a clearly defined K1 that is oriented 

within the cleavage plane and coincides roughly 

with the orientation of the macroscopically 

observed bedding/cleavage intersection 

lineation (i.e. sample‘s A axis, Fig. 6.41). This 

deviation from the (nearly) perfect oblate nature 

of the magnetic fabric, in contrast to the axially 

symmetric mineral textures, could be caused by 

the monoclinic crystal structures of muscovite, 

chloritoid and chlorite. The crystallographic b-

axis of these monoclinic crystals (second 

setting) possesses the two-fold symmetry and 

thus has to be parallel to one principal axis of 

the susceptibility ellipsoid according to the 

Neuman principal [Borradaile and Jackson, 

2010]. Hence, the crystal‘s a- and c-axis are 

perpendicular to the b-axis and inclined with 

respect to the other two (orthorhombic) AMS 

axes. Martín-Hernández [2002] observed an 

angle of 3° ± 3° between K3 and the pole of the 

basal plane for both muscovite and chlorite, and 

we found that there is an angle of 5° ± 2° 

between K3 and the pole of the chloritoid basal 

plane (see section 5.3). Consequently, even 

though the constituent paramagnetic minerals, 

muscovite, chlorite and chloritoid, have a nearly 

perfectly axially symmetrical CPO, there will 

be a slight dispersion of the minimum 

susceptibility axes, resulting in the small 

deviation between the magnetic and sample 

axes and a less oblate shape of the slate‘s 

magnetic fabric with respect to that of the 

mineral constituents: T of 0.76 and T
hf 

of 0.80 for 

the specimen‘s susceptibility ellipsoid vs. 0.84, 

0.95 and 0.94 for the muscovite, chlorite and 

chloritoid ellipsoids, respectively [Martín-

Hernández and Hirt, 2003; Haerinck et al., 

2013]. 

For the calculated 3-phase model, we obtain a 

bulk susceptibility that is a bit lower than the 

measured values (Table 6.12). This may be due 

to the variability of the bulk susceptibility of the 

single crystals, depending on the crystals‘ cation 

content [see section 5.3.4 and Biedermann et 

al., 2014]. The shape parameter T of the 

calculated 3-phase model is very similar to the 

measured value. The corrected degree of 

anisotropy (PJ) of the calculated 3-phase model 

is clearly lower than the measured values, i.e. 

1.21 instead of 1.40 and 1.38 for the low-field 

and high-field AMS, respectively (Table 6.12). 

The calculated tensor is strongly dominated by 

the chloritoid phase, because of its high bulk 

susceptibility compared to muscovite and 

Table 6.12: Magnetic tensors of the muscovite, chloritoid and chlorite single crystals, the calculated muscovite, 

chloritoid and chlorite phases, the measured low-field (LF) and high-field (HF) AMS and the calculated 3-phase 

model. 

  K1 K2 K3 Km T PJ k' 

Chloritoid crystal 1.89E-03 1.89E-03 1.36E-03 1.73E-03 1.00 1.47 1.52E-04 

Muscovite crystal 1.18E-04 1.18E-04 8.63E-05 1.08E-04 1.00 1.44 1.50E-05 

Chlorite crystal 2.52E-04 2.52E-04 2.16E-04 2.40E-04 1.00 1.19 1.70E-05 

Quartz / / / -1.40E-05 / / / 

Calc. chloritoid phase 1.80E-03 1.76E-03 1.53E-03 / 0.73 1.20 6.39E-05 

Calc. muscovite phase 1.16E-04 1.15E-04 9.04E-05 / 0.94 1.33 1.18E-05 

Calc. chlorite phase 2.44E-04 2.41E-04 2.35E-04 / 0.39 1.04 3.85E-06 

Measured AMS-LF 4.32E-04 4.17E-04 3.17E-04 3.89E-04 0.76 1.40 5.10E-05 

Measured AMS-HF 4.15E-04 4.03E-04 3.09E-04 3.76E-04 0.80 1.38 4.73E-05 

Calc. 3-phase tensor 2.85E-04 2.80E-04 2.39E-04 2.68E-04 0.78 1.21 2.06E-05 

Abbreviations : K1,2,3 - Eigenvalues of the magnetic tensors; Km - bulk magnetic susceptibility; T - shape 
parameter [Jelínek, 1978]; PJ - Corrected degree of anisotropy [Jelínek, 1978]; k‘ - magnetic anisotropy parameter 
for deviatoric tensors [Jelinek, 1984]. 
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chlorite. The anisotropy of this chloritoid phase 

(1.20) is, though, significantly reduced with 

respect to the anisotropy of chloritoid single 

crystals (1.47) because the chloritoid texture 

shows a relatively high background of randomly 

oriented crystallites (0.5 m.r.d., Table 6.11), 

indicating that chloritoid occurs more randomly 

than muscovite. Therefore, the orientation 

distribution of chloritoid considerably deviates 

from a ‗near perfect‘ preferred orientation 

mimicking a single crystal. 

A similar problem has been faced by 

Biedermann [2014], who calculated the 

magnetic properties of metamorphic rocks from 

amphibole and pyroxene texture data. She 

found that the recovered magnetic anisotropy in 

terms of k‘ often represents only 40 to 60 % of 

the measured anisotropy. This is similar to our 

recovered magnetic anisotropy in terms of k‘, 

which is 40 and 44 % of the measured low-field 

and high-field value, respectively. For now, we 

have to conclude that based on the comparison 

of calculated and observed magnetic anisotropy, 

the weighted average of the magnetocrystalline 

anisotropy of the chloritoid, muscovite and 

chlorite phases seems insufficient to explain the 

measured magnetic anisotropy. A number of 

possible explanations can be considered: 

 The chloritoid phase actually consists of 

two different orientation populations, i.e. 

a syntectonic phase with a strong preferred 

orientation and a late or post-tectonic 

phase with a random orientation. Their 

combined orientation distribution (Fig. 6.45) 

is used to calculate the magnetic anisotropy 

of the chloritoid phase. However, the 

paramagnetic fabric may not simply reflect 

an equal contribution of both 

subpopulations. If we suppose that the 

syntectonic chloritoid crystals are relatively 

large with respect to the late or post-

tectonic crystals, the magnetic fabric 

contribution of the syntectonic crystals will 

be large with respect to that of the late or 

post-tectonic crystals. This is because the 

large crystals contain more Fe atoms and 

hence, have a higher magnetic 

susceptibility than the small crystals. The 

results of the diffraction experiment are 

controlled by the amount of reflections and 

both subpopulations contribute equally. A 

similar hypothesis has been suggested by 

Debacker et al. [2009] to explain the 

mismatch in orientation between the 

paramagnetic fabric and the results of X-ray 

pole figure goniometry for chlorite-bearing 

metapelites of the Brabant Massif, Belgium. 

A further microstructural analysis, e.g. 

using a Microprobe, is required to test this 

hypothesis. 

 There is another phase contributing to the 

magnetic anisotropy and the CPO of this 

phase is not detected and thus not taken 

into account when calculating the 3-phase 

model. This potential phase must be 

present in very low quantities but have a 

profound impact on the specimen‘s 

magnetic anisotropy. Moreover, its 

contribution to the magnetic anisotropy 

would not be separated from the 

paramagnetic contribution by the high-field 

method, implying that no saturation occurs 

in the field range used. Secondly, its 

contribution to the bulk susceptibility must 

be rather low. The superparamagnetic 

phase, suggested to be present in most 

specimens by the remanence experiments 

(section 6.2.2 ), could potentially meet this 

criteria. 

 The muscovite phase is relatively Fe-rich 

(e.g. phengite) and consequently has a 

higher intrinsic magnetic susceptibility 

than the muscovite single crystal tensor of 

Biedermann et al. [2014], used in the 

current calculations. Compared to 

chloritoid, the anisotropy of the muscovite 

phase (1.33) is relatively less reduced with 

respect to its single crystal anisotropy 

(1.44). This can be explained by the ‗near 

perfect‘ preferred orientation of muscovite, 

mimicking a single crystal (Fig. 6.45). 

Therefore, a higher intrinsic bulk magnetic 

susceptibility of the muscovite crystals 

would result in an increase of the calculated 

magnetic anisotropy of the 3-phase model. 

 The chloritoid single crystal tensor used 

in the current calculation, underestimates 

the degree of anisotropy of the chloritoid 

crystals in the HSBs of the MASB. Taking 

into account the ratio of the calculated 

chloritoid phase PJ to the currently used 

chloritoid single crystal PJ (Table 6.12), we 

would actually need a chloritoid single 
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crystal PJ of 1.66 to obtain a good match 

between the measured magnetic anisotropy 

and the anisotropy of the 3-phase model. 

Note that the chloritoid single crystal tensor 

is an average of 7 different chloritoid 

crystals (section 5.3.1). These crystals do 

show some variation in PJ. However, the 

highest PJ measured for a chloritoid single 

crystal was 1.54, which is still significantly 

lower than the required PJ of 1.66. Possibly, 

the obtained magnetic anisotropy for the 

chloritoid single crystals underestimates the 

magnetocrystalline anisotropy of chloritoid if 

the analyzed single crystals (from 7 

different tectonometamorphic settings) are 

in fact no single crystals, but are all 

systematically twinned. 

 There is another factor contributing to the 

measured magnetic anisotropy apart from 

the magnetocrystalline anisotropy of 

different (para)magnetic phases. This 

additional component of the observed 

magnetic anisotropy could be a 

distribution anisotropy. This 

phenomenon occurs if anisotropic 

magnetostatic interactions among grains 

affect the bulk sample properties 

[Borradaile and Jackson, 2010]. In 

literature, distribution anisotropy is 

exclusively associated with ferromagnetic 

(s.l.) particles [e.g. Hargraves et al., 1991; 

Stephenson, 1994]. However, as the 

intrinsic bulk susceptibility of the chloritoid 

crystals is relatively high 

(Km = 1726 x 10
-6

 [SI]) and the chloritoid 

crystals are closely spaced in the cleavage 

domains (Fig. 4.9(d)), a relevant 

magnetostatic interaction might be 

produced between the chloritoid crystals in 

the specimen‘s cleavage domains 

6.3.4 Synthesis 

In the investigated specimen of a chloritoid-

bearing HSB from the MASB research area, 

both muscovite and chloritoid display a very 

strong preferred orientation of the basal 

planes parallel to the macroscopic cleavage 

fabric. The axes of the crystal orientation pattern 

are parallel to the measured magnetic fabric, 

both the one obtained using low-field AMS and 

the isolated paramagnetic fabric derived from 

the high-field approach. At first, comparing the 

magnetic fabric and the mineral textures clearly 

illustrates that due to its relatively high magnetic 

susceptibility and very strong magnetocrystalline 

anisotropy (PJ = 1.47), chloritoid may have a 

profound impact on the magnetic fabric of 

chloritoid-bearing rocks. 

However, a calculation of the anisotropy of the 

magnetic susceptibility tensor of a 3-phase 

model shows that the weighted average of the 

magnetocrystalline anisotropy of the chloritoid, 

muscovite and chlorite phases seems 

insufficient to explain the measured 

magnetic anisotropy of the investigated 

specimen. The reason for this discrepancy still 

remains unclear, although a number of possible 

explanations are considered. To further 

establish this relationship, similar studies on 

chloritoid-bearing slates and schists should be 

performed in the future. 

6.4  Factors influencing the variation 

in magnetic fabrics 

The experiments and analyses described in 

section 6.2 showed that the magnetic 

susceptibility and its anisotropy of the HSB 

samples are dominantly paramagnetic. Hence, 

the observed magnetic fabrics result from the 

mineral preferred orientation and the 

magnetocrystalline anisotropy of the rock-

forming paramagnetic minerals (see Chapter 5). 

An independent texture analysis of specimen 

BR09TH131C3 (section 6.3 ) showed indeed a 

strong preferred orientation of the paramagnetic 

minerals‘ basal plane parallel to the magnetic 

fabric. For the current purpose, we will not 

consider the fact that the calculated anisotropy 

of the 3 phase model and the measured 

magnetic anisotropy do not match. However, the 

regional magnetic fabric analysis resulted in a 

very inconsistent regional pattern (section 6.1 ). 

This regional pattern cannot be uniquely 

explained by variations in the amount of strain. 

Therefore, there have to be other factors that 

influence the shape and degree of anisotropy of 

the observed magnetic susceptibility ellipsoids. 

In this section, we examine the influence of two 

possible factors, i.e. the angle between different 

subfabrics or component fabrics and variations 

in relative composition between different HSBs. 



CHAPTER 6 REGIONAL MAGNETIC FABRIC ANALYSIS 

143 

In a final section, the influence of strain on the 

magnetic fabric sis discussed 

6.4.1 Influence of composite magnetic fabric 

variations 

It is quite obvious that if the magnetic fabric of a 

rock arises from multiple (magnetic) mineral-

preferred orientations, the shape and orientation 

of the magnetic susceptibility ellipsoid result 

from the addition of the component fabrics. 

Examples in literature have shown that for these 

‗composite magnetic fabrics‘, the shape and 

degree of anisotropy is sensitive to changes in 

the angle between both component fabrics. So, 

determining whether and to which extent these 

composite fabric variations are present in the 

CAD case study is vital to our attempt of 

interpreting the magnetic fabric variations. 

Composite magnetic fabrics in literature 

Housen et al. [1993] have demonstrated by 

means of experiments and numerical models of 

composite magnetic fabrics, which are 

composed of two planar component fabrics, that 

as the angle between the component fabrics 

increases the degree of anisotropy of the 

susceptibility ellipsoid decreases and the shape 

of the susceptibility ellipsoid trends from an 

oblate to a prolate shape (Fig. 6.47). They also 

provided criteria to recognize composite fabrics 

in natural rocks. The one characteristic common 

to all composite fabrics is that the maximum 

susceptibility axis (K1) is always oriented at the 

intersection of the two planar component fabrics. 

Furthermore, the models show that if the relative 

contributions of both component fabrics are 

similar, the intermediate (K2) and minimum (K3) 

principal axis orientations are oriented in the 

plane containing the poles of both component 

fabrics. 

Many magnetic anisotropy studies of mudstones 

and slates made the observation that the K1 

orientation is parallel to the orientation of the 

bedding-cleavage intersection (see review by 

Borradaile [1988] and Borradaile and Jackson 

[2004, 2010]). This suggests that composite 

fabrics, composed of a bedding-parallel and a 

cleavage-parallel component fabric, are very 

common for these rock types. In a case study 

from the Anglo-Brabant Deformation Belt 

(Belgium), Debacker et al. [2004; 2009] 

observed a marked relationship between the 

shape parameter T and the angle between a 

bedding-parallel component fabric (large 

chlorite-mica stacks with Fe-rich chlorite) and a 

cleavage-parallel component fabric (white mica 

and Fe-poor chlorite). This example shows that 

a variation in the angle between bedding and 

cleavage (or potentially also in the relative 

contribution of both component fabrics) can 

produce changes in the composite magnetic 

fabric that can be larger than those produced by 

an increasing mineral preferred orientation 

during progressive deformation. Therefore, the 

effects of composite magnetic fabrics should be 

considered when attempting a magnetic fabric to 

strain correlation. 

Observations 

One of the prime reasons why the HSBs were 

selected as a sampling horizon for a regional 

magnetic fabric analysis is the absence of a 

macroscopically visible bedding-parallel 

 

Fig. 6.47: Numerical model for two orthogonal 

uniaxial-oblate component fabrics with variable 

relative susceptibility. (a) Flinn-type diagram showing 

changes in ellipsoid shape as the relative intensity 

changes. (b) Degree of anisotropy (P = Kmax / kint) 

versus the relative susceptibility of tensor 1 [From 

Housen et al., 1993]. 
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Fig. 6.48: Average T value per sample plotted versus the angle between bedding (S0) and cleavage (S1). Note 

the marked (negative) correlation between both parameters for the CS research area and outcrop zone MNSB03. 

foliation. This was confirmed by the microscopic 

analysis, which revealed a single, cleavage-

parallel foliation (section 4.2.3). However, as 

shown in the case study from the Anglo-Brabant 

Deformation Belt [Debacker et al., 2004; 2009], 

a subtle bedding-parallel fabric composed of 

minerals with a relatively high magnetic 

susceptibility can compete with a much more 

pronounced cleavage-parallel fabric composed 

of minerals with a relatively low magnetic 

susceptibility. So, the absence of macro- and 

microscopically visible bedding-parallel foliation 

is no a priori reason to discard the possibility of 

the HSBs having a composite magnetic fabric. 

In fact, many of the HSB samples have the K1 

orientation consistently parallel to the bedding-

cleavage intersection (see section 6.1.1 ). This 

is particularly so for the samples of the outcrop 

zones with a type III intermediate magnetic 

fabric (e.g. CS05, CS06, CN06, MASB07, 

MNSB03). Therefore, we investigate the 

possible relation between the magnetic 

anisotropy parameters and the angle between 

the bedding and cleavage plane. In Fig. 6.48 the 

average T value per sample is plotted versus 

the angle between bedding and cleavage for the 

different research areas. For the Crozon South 

(Fig. 6.48(a)) and the Montagnes Noires slate 

belt (Fig. 6.48(d)) research areas, the graphs 

show a negative correlation between the 

bedding-cleavage angle and the shape 

parameter T. The samples with a pronounced 

prolate susceptibility ellipsoid, which all come 

from outcrop zones with a type III magnetic 

fabric (e.g. CS05, CS06 and MNSB03), have a 

relatively large angle between bedding and 

cleavage (> 45°). The samples with a more 
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Fig. 6.49: Average PJ value per sample plotted versus the angle between bedding (S0) and cleavage (S1). There 

seems to be no correlation between both parameters for any of the research areas. 

oblate susceptibility ellipsoid, either from outcrop 

zones with a type III or a type IV magnetic 

fabric, have a relatively lower angle between 

bedding and cleavage (< 45°). For the samples 

with a type III (black markers) and a type IV 

(white markers) magnetic fabric separately, only 

the samples with a type III magnetic fabric seem 

to have the relation between shape parameter T 

and the bedding-cleavage angle. 

For the Crozon North (Fig. 6.48(b)) and the 

Monts d‘Arrée slate belt (Fig. 6.48(c)) research 

areas, no such (negative) relation between the 

bedding-cleavage angle and the shape 

parameter T can be observed. It can be noted, 

though, that in these research areas the amount 

of samples with a type III magnetic fabric is not 

only smaller, they also do not show the very 

pronounced prolate susceptibility ellipsoids as 

some of the type III samples from the CS and 

MNSB research area (CS05, CS06 and 

MNSB03!). Therefore, it seems that for the 

samples of the outcrop zones with a type III 

magnetic fabric of the CN and MASB research 

area (CN01, CN04, CN06, MASB06, MASB07), 

one of both component fabrics is usually 

dominant. 

In Fig. 6.49 the average PJ value per sample is 

plotted versus the angle between bedding and 

cleavage for the different research areas. The 

graphs do not show a convincing relation 

between both parameters for any of the 

research areas. 
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Synthesis 

The RT-AMS analysis showed that the type III 

magnetic fabrics bear the characteristics of 

composite magnetic fabrics that are composed 

of a bedding-parallel and a cleavage-parallel 

component fabric, i.e. a consistent orientation of 

K1 parallel to the bedding-cleavage intersection 

and a variable orientation of K2 and K3 with 

respect to the bedding and the cleavage. The 

apparent negative relationship between the 

shape parameter T and the angle between 

bedding and cleavage for the samples of the 

type III outcrop zones of the CS and MNSB 

research area (CS03, CS05, CS06 and 

MNSB03) suggests these are composite 

magnetic fabrics with a similar contribution 

of both component fabrics. Hence, the AMS 

and particularly the shape of these susceptibility 

ellipsoids cannot readily be compared for 

different samples in terms of mineral preferred 

orientation. In the samples from type III outcrop 

zones of the CN and MASB research area this 

relationship is not present. Note that these 

outcrop zones do not contain samples with a 

pronounced prolate susceptibility ellipsoid (e.g. 

CS05, CS06 and MNSB03). Therefore, it seems 

that for these samples one of both component 

fabrics is usually dominant. 

The type IV magnetic fabrics have a more 

variable orientation for K1 and they are 

consistently clustered parallel to the cleavage. 

Also, no correlation between the AMS 

parameters and the bedding-cleavage angle 

could be observed. This argues for a single 

cleavage-parallel magnetic fabric in these 

samples. Therefore, magnetic fabric 

interpretations in terms of strain can be 

considered for the samples of these outcrop 

zones. 

6.4.2 Mineralogical control on magnetic 

fabric variations 

Mineralogical analyses have shown a large 

variation in relative composition of different HSB 

specimens (apart from the difference in 

paramagnetic mineral assemblage). Texture 

studies of fine-grained sedimentary rocks (using 

x-ray methods) have demonstrated that there 

can be a mineralogical control on the intensity 

of phyllosilicate fabric development. In order to 

verify the presence of such a mineralogical 

control on the (magnetic) anisotropy of the 

HSBs, the magnetic anisotropy parameters are 

compared to the mineralogical composition for 

81 specimens. 

Mineralogical influence on fabric 

development in literature 

By means of X-ray goniometry on fine-grained 

sediments, Curtis et al. [1980] observed that the 

degree of phyllosilicate preferred orientation 

caused by compaction strain varies 

systematically with quartz content. Similar 

observations have been made by O‘Brien and 

Slatt [1990], Sintubin [1994b, a] and Day-Stirrat 

et al. [2008; 2010]. Oertel et al. [1989] and 

Jacob et al. [2000] made the same observation 

for deformation-driven phyllosilicate fabric 

development in metasedimentary rocks of the 

Appalachians (USA) and the Swiss Alps and 

Caledonides of Jämtland (Sweden), 

respectively. These authors explain the  

 

Fig. 6.50: Phyllosilicate fabric development in (a) a 

sample with a high quartz/clay ratio and (b) a sample 

with a low quartz/clay ratio. The quartz grains (grey) 

create pressure shadows, in which the effective 

stress cannot affect the phyllosilicate grains and 

hence, they disrupt the fabric intensity [From Day-

Stirrat et al., 2010]. 
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compositional influence on the fabric 

development as an effect of silt-sized quartz, or 

other equidimensional grains, that disrupt the 

orientation of the phyllosilicates. These grains 

do this by shielding the phyllosilicates from 

the effective stress in pressure shadows or by 

acting as a rigid framework and hence, 

providing matrix support (cf. Fig. 6.50, Day-

Stirrat et al. [2010]). In a case study of Salmian 

slates in the Stavelot-Venn basement inlier 

(Belgium), Grymonprez [2013] observed a 

similar compositional influence of quartz and 

feldspar also on the magnetic anisotropy. 

Therefore, the influence of a variable quartz/clay 

content on the observed magnetic anisotropy of 

the HSB samples from the CAD has to be 

considered. 

Observations 

When we selected the HSBs as a regional 

reference unit for the magnetic fabric analysis, 

we hoped that they would possess a limited 

compositional variation. Unfortunately, the 

mineralogical analysis of 81 HSB specimens 

(Appendix 3) showed important variation in 

composition (Fig. 4.11). For example, the 

quartz content varies from 7.5 % 

(BR13TH036A1 of CN01) to 78.1 % 

(BR09TH160C1 of MNSB03). In order to 

understand the influence of this compositional 

variation on the magnetic anisotropy, Fig. 6.51 

shows plots of the bulk susceptibility (Km) and 

the magnetic anisotropy parameters (PJ and T) 

versus the composition for the different rock-

forming minerals, i.e. quartz, white mica 

(muscovite, paragonite, illite), chloritoid (for the 

CN01-02, MASB and MNSB specimens) chlorite 

and pyrophyllite (for the CS and CN specimens). 

Km (left column of graphs in Fig. 6.51) shows a 

pronounced positive correlation with the 

chloritoid content for the MASB and MNSB 

specimens and with the chlorite content for the 

CS and CN specimens. These relationships are 

explained by the fact that the chloritoid and 

chlorite minerals are the main carriers of FeO in 

the HSBs of the inland slate belts and the 

Crozon peninsula, respectively. Therefore, they 

are dominantly responsible for the observed 

paramagnetic susceptibility. The (diamagnetic) 

quartz content shows a rough negative 

correlation with Km. 

PJ (middle column of graphs in Fig. 6.51) shows 

a general positive correlation with the white 

mica content. Specimens (of the MASB 

research area) with a high degree of anisotropy 

(PJ > 1.25) consistently have a white mica 

content of 25 % or more and a quartz content 

lower than 40 %. For those with a very high 

degree of anisotropy (PJ > 1.35), the white mica 

content is even consistently above 40 %. For the 

specimens of the CN research area (with 

chlorite as dominant carrier), it can be observed 

that the specimens with a relatively high degree 

of anisotropy (PJ > 1.15) consistently have a 

very low quartz content (< 20 %), whereas the 

quartz content goes up to 75 % for the 

specimens with a relatively low PJ. 

Upon investigating the relationship between the 

shape parameter T and the mineral 

composition (right column of graphs in Fig. 

6.51), it can be noted that all specimens with a 

pronounced prolate shaped susceptibility 

ellipsoid (T < -0.25) consistently have a 

relatively high quartz content (> 35 %) and a 

relatively low white mica content (< 30 %). For 

the specimens with an oblate shaped 

susceptibility ellipsoid, there appears to be no 

correlation between T and the mineral 

composition. 

In Fig. 6.52, the ratio of the quartz content to 

the total ‘clay’ content (white mica, chlorite, 

pyrophyllite and also chloritoid, which is not an 

actual phyllosilicate mineral) is plotted versus PJ 

and T. The PJ plot (Fig. 6.52(a)) shows a rough 

negative correlation for the 4 research areas. 

The CS, CN, MASB and MNSB specimens have 

a linear correlation coefficient R
2
 of 0.38, 0.80, 

0.20 and 0.50, respectively. Although these 

relationships are not very convincing, it is clear 

that specimens with a high degree of 

anisotropy show a rather low quartz to total 

‘clay’ content. All chloritoid-bearing specimens 

with a PJ > 1.25 and all non-chloritoid-bearing 

specimens with a PJ > 1.15 have a quartz to 

total ‗clay‘ ratio lower than 1.1. All specimens 

with a high quartz to total ‗clay‘ content (> 2.0) 

have a low degree of anisotropy (PJ < 1.15). The 

quartz to total ‗clay‘ ratio seems to have less 

influence on the shape parameter T (Fig. 

6.52(b)). Only for the MNSB specimens, a rough 

negative correlation is observed. 
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Fig. 6.51 (previous page): Graphs showing the relationship of the bulk magnetic susceptibility (Km) and the 

anisotropy parameters (corrected degree of anisotropy PJ and shape parameter T) of the low-field RT-AMS 

versus the composition (volume %) of the different rock-forming minerals. 

 

Fig. 6.52: Plots of the quartz to total ‗clay‘ (white mica, chlorite, chloritoid and pyrophyllite) ratio versus (a) the 

corrected degree of anisotropy PJ and (b) the shape parameter T. 

Synthesis 

There is a clear compositional influence of the 

Fe-rich paramagnetic minerals on Km, i.e. 

chlorite for the CS and CN research area and 

chloritoid for the MASB and MNSB research 

area. This is logic and does not affect the 

regional magnetic fabric interpretations. 

However, the apparent compositional influence 

on the magnetic anisotropy parameters, 

especially PJ, does have to be considered when 

interpreting the results of the regional (magnetic) 

fabric study. 

Based on the comparison of the corrected 

degree of anisotropy PJ and the quartz to total 

‗clay‘ ratio (Fig. 6.52(a)), we suggest that it is not 

possible for specimens with a fairly high quartz 

content, to develop a strong magnetic 

anisotropy. We attribute this observation to an 

effect of the detrital quartz grains that disrupts 

fabric development as described in the model of 

Day-Stirrat et al. [2010; Fig. 6.50]. If the quartz 

content is equal or lower than the total ‗clay‘ 

content (quartz to total ‗clay‘ ratio > 1), the 

compositional influence on the magnetic 

anisotropy is not apparent. 

6.4.3 AMS and strain 

The influence of the composite magnetic fabric 

variations (6.4.1) and the compositional 

variations (6.4.2) make it impossible to establish 

a general AMS to strain correlation for the HSBs 

of the CAD. Fig. 6.53 shows a Jelínek plot for a 

restricted dataset that contains only the 

specimens of which (1) the quartz to total ‗clay‘ 

ratio is below 1, (2) the angle between bedding 

and cleavage is smaller than 20° and (3) that do 

not show a deviating orientation pattern (i.e. 

oblique or sedimentary/compaction fabrics). For 

the CS and CN research area, all specimens of 

this restricted dataset show a triaxial to oblate 

shaped susceptibility ellipsoid. There is a clear 

difference in magnetic anisotropy between the 

CS and CN specimens. The former show PJ 

between 1.07 and 1.09 for 3 out of 4 specimens. 

The latter all show a PJ between 1.13 and 1.21. 

However, there is also one outlier for the CS 

specimens with a PJ value of 1.18. So, apart 

from this one specimen, i.e. BR11TH090B2, 

there seems to be a generally stronger magnetic 

fabric development in the CN research area 

than in CS research area for specimens with 

similar boundary conditions. For the inland slate 

belt research areas, triaxial to slightly oblate 

shaped susceptibility ellipsoids (T ranging from 

0 to 0.5) and a relatively low magnetic 

anisotropy (PJ ranging from 1.14 to 1.21) are 

observed for the MNSB specimens, whereas 

strongly oblate shaped ellipsoids (T ranging 0.5 

from to 0.8) and a high magnetic anisotropy (PJ 

ranging from 1.25 to 1.40) are observed for the 

MASB specimens. Hence, there seems to be a  
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Fig. 6.53: Jelínek plot for the restricted dataset, i.e. 

only specimens with a quartz to total ‗clay‘ ratio < 1, 

an angle between bedding and cleavage ≤ 20°and 

that do not show a deviating orientation pattern. 

clearly stronger magnetic fabric development in 

the MASB research area than in the MNSB 

research area for specimens with similar 

boundary conditions. 

A direct comparison between the Crozon 

peninsula and inland slate belts is not possible 

because of the different controlling mineral 

assemblage. But for both parts of the CAD 

separately, the northernmost research area (i.e. 

CN and the MASB, respectively) shows a 

stronger magnetic fabric development for 

specimens with similar boundary conditions. For 

the Crozon peninsula, this is expressed by a 

general increase in the degree of magnetic 

anisotropy from the CS to the CN specimens. 

For the inland slate belt, it is expressed by both 

an increase of the shape parameter T and the 

degree of magnetic anisotropy PJ from the 

MNSB to the MASB specimens. This 

observation seems to indicate that the 

contraction-dominated deformation in the 

northernmost research areas was capable of 

developing a higher strain with respect to the 

southernmost research areas. This 

observation fits the general impression one can 

get if you look at the Jelínek plot of the CAD 

(Fig. 6.25(c)), i.e. the samples of the CN and 

MASB research area show a higher maximum 

degree of anisotropy and generally plot more in 

the right wing of the boomerang-like pattern, 

whereas the those of the CS and MNSB 

research area have a significant number of 

samples in the left wing part of the boomerang-

like pattern. We can, tentatively, conclude that 

the regional magnetic fabric study suggests a 

general, northward-increasing strain gradient 

for the CAD, which is in line with the overall 

geodynamic model of the ‗Bretonian‘ 

convergence of the CAD with the Léon Domain 

[see Fig. 1.3(c), Sintubin et al., 2008; Ballèvre et 

al., 2009]. 

6.4.4 Discussion and synthesis 

The dominance of the paramagnetic contribution 

to the magnetic susceptibility and its anisotropy 

of the HSBS from the CAD makes the magnetic 

fabrics a good proxy for the mineral fabric of the 

paramagnetic minerals. The observed 

orientation patterns of the magnetic fabrics are 

generally in accordance with the progressive 

model for coaxial, contraction-dominated 

deformation (Fig. 1.2(a)) and most HSB samples 

reflect a type III or type IV magnetic fabric. Only 

in a number outcrop zones of the MASB 

research area, non-coaxial magnetic fabric 

types have been observed, i.e. they are 

obliquely oriented with respect to the magnetic 

fabric elements.  

However, compared with the progressive 

magnetic fabric evolution described in 

Fig. 1.2(b), the magnetic fabric evolution 

observed in the CAD seems to be more 

ambiguous. On a Jelínek plot (T vs. PJ), the 

evolution results in a boomerang-like pattern 

that is shown in Fig. 6.54. The samples with a 

type III intermediate magnetic fabric plot in the 

left (vertically oriented) wing of the pattern. Their 

degree of anisotropy is consistently relatively 

low and the shape of susceptibility ellipsoid 

varies from strongly prolate to strongly oblate. 

We have shown that these intermediate 

magnetic fabrics have a composite magnetic 

fabric that results from a bedding- and a 

cleavage-parallel component fabric. The angle 

between these component fabrics seems to 

have a profound influence on the shape of the 

susceptibility ellipsoid. For the samples with a 

type IV magnetic fabric, the susceptibility 

ellipsoid is consistently oblate and a relatively 

strong magnetic anisotropy can develop in those 

samples that do not have a high quartz to total 

‘clay’ ratio, i.e. below 1. These samples plot in 

the right wing of the  
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boomerang-like pattern. The highest anisotropy 

values are found for samples of the CN research 

area (max. PJ of 1.23 in sample BR09TH054) 

and the MASB research area (max. PJ of 1.42 in 

sample BR11TH077), respectively. The samples 

with a quartz to total ‗clay‘ ratio larger than 1, do 

not develop a strong magnetic anisotropy, i.e. 

PJ < 1.15 for the non-chloritoid bearing samples 

and PJ < 1.25 for the chloritoid-bearing samples. 

We have to conclude that the magnetic fabric 

evolution in the homogeneous siltstone beds 

from the CAD is not an ideal strain marker. This 

is because variations in three boundary 

conditions have a significant influence on the 

magnetic fabric development, i.e. (1) the 

metamorphic mineral assemblage, (2) the quartz 

to total ‗clay‘ ratio and (3) the angle between 

bedding and cleavage. Therefore, it is not 

possible to establish a general correlation 

between AMS and finite strain for this lithology. 

With respect to the regional strain question, we 

showed that for specimens with similar 

boundary conditions (Fig. 6.53), the contraction-

dominated deformation in the northern research 

areas (CN and MASB) was capable of inducing 

a stronger magnetic fabric than the deformation 

in the southern research area (CS and MNSB) 

and hence, we can conclude that the there is a 

higher strain in the northern research areas 

than in the southern research areas. 

The influence of the variation in boundary 

conditions are present despite that we selected 

a regional lithostratigraphical reference unit (i.e. 

the homogeneous siltstone beds), which shows 

no macro- or microscopically visible primary 

fabric and which has a homogeneous 

appearance in the field. Together with the 

observation of K1 being parallel to the bedding-

cleavage intersection in many magnetic 

anisotropy studies of fine-grained sediments 

[see reviews in Borradaile, 1988; Borradaile and 

Henry, 1997; Borradaile and Jackson, 2004, 

2010] and the numerous observations of a 

compositional influence on phyllosilicate texture 

development in x-ray goniometry studies [Curtis 

et al., 1980; Oertel et al., 1989; Sintubin, 1994b, 

a; Day-Stirrat et al., 2008; Day-Stirrat et al., 

2010], this would suggest that the above 

mentioned effects are very common in fine-

grained sediments. 

 

Fig. 6.54: Conceptual model for the AMS evolution of 

the HSBs from the CAD during progressive 

contraction-dominated deformation. 

Therefore, the choice of another reference unit 

would not have resulted in a different outcome. 

In fact, these influences seem to be the cause 

for a ‗natural‘ level of strain heterogeneity in our 

different research areas. 

6.5  Synthesis of the case study 

from the Central Armorican Domain 

Woodcock statistics can be applied on the 

orientation distribution of the K1 and especially 

the K3 principal magnetic susceptibility axis in 

order to investigate the orientation behavior of 

the magnetic fabrics in each outcrop zone with 

respect to the macroscopic fabric elements (Fig. 

6.15). By using the rotated sample coordinate 

system, the tool can be used for samples with a 

different orientation for the macroscopic fabric 

elements. It was concluded that the magnetic 

fabric of the HSBs of the CAD dominantly 

reflects a type III intermediate fabric or a 

type IV tectonic fabric (cf. Fig. 1.2(a)). Hence, 

the magnetic fabrics seem to show a general 

evolution that is in accordance with the 

progressive model for coaxial, contraction-

dominated deformation (Fig. 1.2(a)). However, 

there is no simple regional pattern in the 

occurrence of these different magnetic fabric 

types, i.e. both types occur in all four research 

areas. The type III intermediate magnetic fabrics 

reflect composite magnetic fabrics composed of 

a bedding- and a cleavage-parallel component 

fabric. The type IV tectonic magnetic fabrics 

reflect a single cleavage-parallel fabric or the 

cleavage-parallel component fabric completely 
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dominates the bedding-parallel component 

fabric. 

In the MASB research area, there is also an 

important amount of samples that have 

magnetic fabrics, which are obliquely oriented 

with respect to bedding and cleavage (outcrop 

zones MASB01-MASB04 –type IV*- and 

MASB09). These magnetic fabrics have been 

altered by a non-coaxial process that occurred 

posterior to the contraction-dominated 

deformation phase responsible for the regional 

cleavage development, e.g. a late wrench 

deformation component, crenulation cleavage 

development or post-tectonic chloritoid 

crystallization. Therefore, these magnetic fabrics 

cannot be related to the (coaxial) strain 

history of the CAD. 

A Jelínek plot of the shape parameter T versus 

the corrected degree of anisotropy PJ results in 

a boomerang-like pattern (Fig. 6.25). It can be 

noted that the samples of the MASB and MNSB 

research areas generally have a higher degree 

of anisotropy than those of the CS and CN 

research areas. Consequently, the boomerang-

like patterns of the former research areas are 

shifted to the left on the Jelínek plot. This 

reflects a difference in the controlling 

paramagnetic minerals assemblage, i.e. 

chlorite and white mica for the Crozon samples 

versus chloritoid and white mica (and a minor 

amount of chlorite) for the inland slate belt 

samples. As we found that the intrinsic magnetic 

anisotropy of chloritoid, which is the dominant 

magnetic mineral in the inland slate belt mineral 

assemblage because of its strong magnetic 

susceptibility (high FeO content), is much 

stronger than that of chlorite, which is the 

dominant magnetic mineral in the Crozon 

mineral assemblage because of its strong 

magnetic susceptibility (high FeO content), the 

magnetic anisotropy of both groups should not 

be compared directly. 

Remanence experiments on a selection of HSB 

specimens show that most of them contain both 

a magnetite and a nanosized 

superparamagnetic (SP) phase. Nevertheless, 

the MTPS calculated from the Fe and Mn 

content, the low temperature AMS behavior and 

the high-field susceptibility and anisotropy 

behavior indicate that both the magnetic 

susceptibility and its anisotropy are 

dominated by paramagnetic phases. A 

quantification of the amount of paramagnetic 

contribution to the magnetic susceptibility and its 

anisotropy using the high-field approaches 

reveals consistently a paramagnetic contribution 

of 90 % and more. Therefore, we conclude that 

the magnetic fabrics determined from low-field 

RT-AMS measurements are an adequate 

proxy for the mineral fabrics of the 

paramagnetic minerals in the HSBs of the CAD. 

Nevertheless, we should mention that a more 

significant contribution of the SP phase cannot 

be ruled out completely because the applied 

field-range of the high-field experiments is 

insufficient to saturate this phase. Still, the 

pronounced linear high-field behavior of the 

induced magnetization during the VSM 

approach and the symmetrical torque functions 

support the conclusion of a strongly dominant 

paramagnetic contribution to the magnetic 

susceptibility and its anisotropy. 

For one specimen of the MASB research area, 

the mineral fabric was investigated by an 

independent texture analysis using X-ray 

synchrotron diffraction measurements. This 

revealed a very good agreement between the 

orientation of the magnetic fabric and the 

muscovite, chloritoid and chlorite preferred 

orientation. However, a calculation of the 

anisotropy of the magnetic susceptibility tensor 

of a 3-phase model shows that the weighted 

average of the magnetocrystalline anisotropy of 

the chloritoid, muscovite and chlorite phases 

seems insufficient to explain the measured 

magnetic anisotropy of the investigated 

specimen. The reason for this discrepancy 

remains unclear to date, although a number of 

possible explanations are considered. More 

texture analyses are required on other 

specimens to develop a better understanding of 

this problem. Until the issue is solved, we have 

to conclude that the anisotropy of the magnetic 

and mineral fabric do not match and hence, the 

magnetic fabric cannot be used as a reliable 

quantitative proxy for the mineral fabrics. 

Despite this shortcoming, there are still a 

number of conclusions that can be drawn from 

the regional magnetic fabric dataset. Firstly, the 

four research areas, which internally all were 

affected by a rather homogeneous deformation, 

show nevertheless, internally very variable 

magnetic fabrics (larger than the variation in 



CHAPTER 6 REGIONAL MAGNETIC FABRIC ANALYSIS 

153 

between the different research areas). This 

variation also occurs randomly within the 

individual research areas. Therefore, we 

assumed that this variation in magnetic fabrics 

cannot be uniquely explained by differences 

in the amount of strain. Besides the influence 

of the metamorphic mineral assemblage, we 

found that there are two other factors that 

appear to affect the magnetic fabric 

development: (1) composite magnetic fabric 

variations due to a variation in the angle 

between a bedding- and a cleavage-parallel 

component fabric and (2) compositional 

variations due to a variable quartz to total ‗clay‘ 

ratio. Therefore, the magnetic anisotropy of the 

HSBs cannot be uniquely related to the tectonic 

strain in the CAD, even when the issue of the 

quantitative relationship between the magnetic 

and mineral fabric can be clarified. By 

comparing the magnetic fabric development for 

specimens with similar boundary conditions, we 

can conclude that for the Crozon peninsula 

there is a higher amount of strain for the CN 

research area than for the CS research area 

and for the inland slate belts, there is a higher 

strain for the MASB research than for the 

MNSB research area. 
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The main objective of the doctoral research was 

performing an integrated rock-magnetic and 

mineralogical study on low-grade 

metasedimentary rocks from the Central 

Armorican Domain (CAD), which are deformed 

by a coaxial contraction-dominated deformation, 

in order to gain a better understanding of (1) the 

relation between the mineral sources of 

magnetic susceptibility and the AMS and 

(2) verify whether the magnetic fabrics have a 

potential as a regional strain marker. 

We learned that the investigated magnetic 

fabrics are controlled by a different 

paramagnetic mineral assemblage in the 

samples from the Crozon peninsula (white mica 

and chlorite; the latter is the dominant phase 

due to its high magnetic susceptibility) than in 

those from the inland slate belts (white mica and 

chloritoid; the latter is the dominant phase due 

to its high magnetic susceptibility). As the 

intrinsic anisotropy of chloritoid was found to be 

significantly higher than that of chlorite, the 

resulting magnetic fabrics cannot be compared 

directly. A 3-phase model of a (chloritoid-

bearing) specimen learned that the weighted 

average of the magnetocrystalline anisotropy of 

the different phases (chloritoid, muscovite and 

chlorite) seems insufficient to explain the 

measured magnetic anisotropy. The reason for 

this discrepancy remains unclear to date. Until 

this issue is solved, we have to conclude that 

the anisotropy of the magnetic and mineral 

fabric do not match and hence, the magnetic 

fabric cannot be used as a reliable proxy for the 

mineral fabrics. 

We also learned that there are two other factors 

than the amount of tectonic strain that appear to 

affect the magnetic fabric development, i.e. the 

angle between bedding and cleavage and the 

quartz/total ‗clay‘ ratio. Due to these effects, the 

magnetic fabrics cannot be uniquely related to 

the tectonic strain, even when the issue of the 

quantitative relationship between the magnetic 

and mineral fabrics can be clarified. 

In this chapter, the broader relevancy of this 

research for other magnetic studies is 

summarized. Firstly, the relationship between 

AMS and the mineral fabric of the rock-forming 

paramagnetic minerals is discussed. Secondly, 

the implications of the results for the relationship 

between magnetic fabrics and strain are 

discussed. Thirdly, a workflow for other regional 

magnetic fabric studies is proposed. We 

conclude by giving some perspectives 

concerning future research on the modalities of 

AMS in fine-grained sedimentary rocks. 

7.1  Implications for the magnetic to 

mineral fabric relationship 

The magnetic properties of the homogeneous 

siltstone beds (HSB) of the CAD have been 

shown to be completely dominated by its 

paramagnetic minerals. This is so despite the 

fact that the HSBs show a relatively high bulk 

magnetic susceptibility (Km), i.e. up to 

785 x 10
-6

 [SI]. These high values for Km reflect 

the high FeO content (up to 11.6 wt%) of the 

HSB rocks and this FeO is incorporated in 

paramagnetic minerals, dominantly chlorite for 

the Crozon peninsula HSBs and chloritoid for 

the inland slate belt HSBs. This dominance of 

paramagnetic phases has been observed for 

many fine-grained sedimentary rocks, from 

undeformed clays and mudstones to low-grade 

metamorphic slates. Examples of such 

paramagnetically dominated fine-grained 

sedimentary rocks can be found in low-grade 

metamorphic slates of SW Sardinia, Italy 

[Lüneburg et al., 1999], the Navio-Alto Sil slate 

belt, Spain [Hirt et al., 2000; Martín-Hernández 

et al., 2005], mudrocks of the Cantabrian arc, 

Spain [Parés and Van der Pluijm, 2004], shales 

and slates of the Appalachian fold-and-thrust 
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belt, USA [Parés and van der Pluijm, 2003; Hirt 

et al., 2004], the majority of the low-grade 

pelites of the Lower Palaeozoic Brabant Massif, 

Belgium [Debacker et al., 2004; Debacker et al., 

2009; Debacker et al., 2010], the Salmian 1 

slates of the Stavelot-Venn basement inlier, 

Belgium [Grymonprez, 2013] and most of the 

mudrocks and shales of the Western Central-

Pyrenees, Spain [review in Pocoví Juan et al., 

2014]. This paramagnetic control on the 

magnetic anisotropy of many fine-grained 

sedimentary rocks has as consequence that 

the magnetic fabric is solely related to the 

intrinsic magnetocrystalline anisotropy of the 

paramagnetic carriers and their orientation 

distribution. Therefore, magnetic fabrics are 

considered as a potentially good proxy for the 

mineral fabric of these rocks. 

Nevertheless, there are also numerous 

examples of fine-grained sedimentary rocks with 

an important contribution of ferromagnetic 

(s.l.) minerals, e.g. Lower Palaeozoic slates of 

the Rocroi Massif, France and Belgium [Robion 

et al., 1995; 1999], some Cambrian units of the 

Lower Palaeozoic Brabant Massif, Belgium 

[Debacker et al., 2009; Debacker et al., 2010], 

the Salmian 2 slates of the Stavelot-Venn 

basement inlier, Belgium [Grymonprez, 2013] 

and shales and slates of the Southern Pyrenees 

and Northern Ebro foreland basin, Spain [Pueyo 

Anchuela et al., 2013]. Therefore, performing 

additional rock-magnetic experiments (e.g. low 

temperature and high-field approaches, 

anisotropy of magnetic remanence) in order to 

characterize the magnetic mineralogy 

responsible for the observed magnetic 

anisotropy is indispensible for every magnetic 

fabric study of fine-grained sedimentary rocks. 

One cannot solely rely on the range of observed 

bulk magnetic susceptibility (Km) and degree of 

anisotropy (PJ) to define the controlling magnetic 

phases as dia-, para- or ferromagnetic (s.l.) [cf. 

Rochette et al., 1992]. 

The magnetic anisotropy of the HSB rocks of the 

CAD is controlled by two different paramagnetic 

mineral assemblages, i.e. an anchizonal 

assemblage consisting of white mica and 

chlorite for the Crozon peninsula (CS and CN 

research area) and an epizonal assemblage 

consisting of white mica, chloritoid and some 

chlorite for the inland slate belts (MASB and 

MNSB research area). An analysis of the 

intrinsic magnetic anisotropy of chloritoid, which 

is the dominant paramagnetic carrier for the 

HSBs of the inland slate belts, learned its 

magnetic anisotropy is much higher than that of 

chlorite, which is the dominant paramagnetic 

mineral in the Crozon peninsula HSBs. This 

implies that the magnetic anisotropy of the 

Crozon peninsula and the inland slate belts 

HSBs cannot be compared directly. To our 

knowledge there are no other examples of 

magnetic fabric studies on chloritoid-bearing 

rocks. However, this example makes it clear that 

it is indispensible for a magnetic fabric study to 

investigate the controlling paramagnetic 

mineralogy and to incorporate the intrinsic 

anisotropy of the relevant minerals in the 

interpretations. Due to recent efforts on single 

crystal measurements, a growing database with 

the intrinsic magnetic anisotropy of many rock-

forming minerals is becoming available in 

literature, e.g. pyroxenes, orthopyroxenes and 

amphiboles [Lagroix and Borradaile, 2000; 

Biedermann, 2014], micas and chlorite [Martín-

Hernández and Hirt, 2003; Biedermann et al., 

2014], calcite, aragonite and dolomite [Schmidt 

et al., 2006; Schmidt, 2007], olivines [Belley et 

al., 2009] and chloritoid [Haerinck et al., 2013]. 

An independent texture analysis on specimen 

BR09TH131C3 showed that the orientation of 

the muscovite, chloritoid and chlorite texture 

matches the orientation of the magnetic 

fabric. Numerous other studies have also 

revealed a good agreement between the 

phyllosilicate mineral texture (determined by X-

ray or neutron diffraction experiments) and the 

magnetic fabric [e.g. Richter et al., 1993; Sun et 

al., 1995; Lüneburg et al., 1999; Chadima et al., 

2004; Hansen et al., 2004; Cifelli et al., 2005; 

Cifelli et al., 2009; Oliva-Urcia et al., 2010]. 

Nevertheless, in a case study on metapelites 

from the Brabant Massif, Belgium, Debacker et 

al. [2004; 2009] observed a clear mismatch 

between the phyllosilicate fabric (given by X-ray 

pole figure goniometry, subparallel to cleavage) 

and the paramagnetic fabric (sub-parallel to 

bedding). The mismatch is explained by the fact 

that large Fe-rich chlorite grains, present in low 

concentrations, control the magnetic fabric 

whereas a large number of small Fe-poor 

chlorite grains control the results of the X-ray 

pole figure goniometry. 
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A calculation of the AMS tensor of a 3-phase 

model (muscovite, chloritoid and chlorite) from 

the mineral textures of specimen BR09TH131C3 

showed that the weighted average of the 

magnetocrystalline anisotropy of the different 

phases seems insufficient to explain the 

measured magnetic anisotropy. The reason for 

this discrepancy remains unclear to date, 

although a number of possible explanations are 

considered. Biedermann [2014; personal 

communication] observed similar discrepancies 

between modeled and measured paramagnetic 

anisotropy for amphibolites of the Ivrea Zone, 

Italy (recovered AMS in terms of k‘ is 50 %), and 

the Western Gneiss Region, Norway (recovered 

AMS in terms of k‘ is 40 %). Models for 

peridotites of the Ivrea Zone resulted in a better 

match (recovered AMS in terms of k‘ is 60 %, 

68 %, 93 % and 94 %). Also other authors have 

compared modeled and measured magnetic 

anisotropy with variable success. For example 

Martín-Hernández and Hirt [2005] and Chadima 

et al. [2004] obtained a fairly good match for 

slates of the Navio-Alto Sil slate belt and 

mudstones of the Bohemian Massif, 

respectively. Whereas different gneiss samples 

investigated by Siegesmund et al. [1995] do not 

show a comparable modeled and measured 

magnetic anisotropy. 

So, both this work and almost all examples 

mentioned above show that the orientation of 

the AMS ellipsoid corresponds well to the 

mineral fabrics in fine-grained sedimentary 

rocks, for which the magnetic signal is 

dominated by the paramagnetic phases. As the 

AMS approach is capable of detecting even very 

subtle fabrics, it has a great potential for studies 

that investigate the orientation of mineral 

fabrics in fine-grained sediments. For example, 

magnetic fabrics studies have been very 

successfully in defining stretching directions in 

the clay-rich, Neogene and Quaternary basins of 

Italy (i.e. an extensional tectonic regime) 

[Sagnotti et al., 1994; Mattei et al., 1997; 

Sagnotti et al., 1998; Mattei et al., 1999; Cifelli et 

al., 2004; Cifelli et al., 2005; Porreca and Mattei, 

2012]. Establishing a quantitative link between 

AMS and mineral textures has proven to be 

not always successful. As shown in the case 

study of the metapelites from the Brabant 

Massif, Belgium [Debacker et al., 2009], the 

paramagnetic fabric does not automatically 

reflect the distribution of all paramagnetic 

minerals. Therefore, unconditional quantitative 

interpretations of magnetic fabrics remain 

troublesome. For the HSBs of the CAD, the 

discrepancy between the modeled and 

measured magnetic anisotropy should be 

clarified before a reliable quantitative 

interpretation of the magnetic anisotropy can be 

made. 

7.2  Implications for the 

magnetic/mineral fabric to strain 

relationship 

As explained in the previous section, the issue 

concerning the quantitative relationship between 

the magnetic and mineral fabrics should be 

clarified before any attempts to interpret the 

magnetic fabrics in terms of strain are made. 

Nevertheless, there are still a number of 

conclusions that can be drawn from the regional 

magnetic fabric datasets, when the Crozon 

peninsula dataset (CS and CN research area) 

and the inland slate belts dataset (MASB and 

MNSB research area) are treated separately. 

The magnetic fabrics in both datasets are 

dominantly of type III (intermediate) and 

type IV (tectonic) magnetic fabrics. These 

types of magnetic fabric are very common in 

fine-grained metasedimentary rocks [reviews in 

Borradaile and Sarvas, 1990; Borradaile and 

Jackson, 2004, 2010]. Examples from areas, in 

which a sequence of progressively cleaved fine-

grained sediments are preserved have proven 

that a local strain gradient can cause this 

evolution from a type III to type IV magnetic 

fabric, e.g. the mudstone-to-slate transition in 

the Martinsburg Fm. at Lehigh Gap, 

Pennsylvania, USA [Housen and van der Pluijm, 

1990; Hirt et al., 2004]. Nevertheless, successful 

correlations between AMS and strain are very 

rare for case studies concerning an evolution 

from type III to type IV magnetic fabrics. For 

example, Lüneburg et al. [1999] observed that 

the magnetic fabrics of low-grade metamorphic 

slates of SW Sardinia (Italy) do not match the 

finite strain determined from deformed micro-

pebbles and reduction spots. On the other hand, 

Parés and van der Pluijm [2003, 2004] found a 

positive correlation between the shape 

parameter T and the amount of strain, which 

was induced from the length/width ratio of pencil 
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structures of the Knobs Fm. in the Appalachians 

(USA) and the spacing between cleavage 

domains in Variscan mudstones of the 

Cantabrian arc (Spain). The relationship is 

expressed as shortening (%) = 17 x exp(T) and 

the obtained shortening values range from 

~11 % in the shales to 40 % in moderately 

developed slates. 

For the dataset of the CAD, the occurrence of 

type III and type IV magnetic fabrics and the 

variation in PJ and T is rather inconsistent. 

Although the different research areas were all 

affected by a very homogeneous deformation, 

they show a large variation in PJ and T and both 

contain outcrop zones with type III magnetic 

fabrics and outcrop zones with type IV magnetic 

fabrics. This has led us to suspect that other 

factors than the amount of strain are influencing 

the magnetic/mineral fabric development. 

Further investigations have identified two other 

factors, apart from the metamorphic mineral 

assemblage, that do seem to have an influence 

on the magnetic fabric development. Firstly, for 

the type III magnetic fabrics the angle between 

bedding and cleavage appears to have an 

influence on the shape of the susceptibility 

ellipsoid for the HSBs of the CS and MNSB 

research area, i.e. a large angle results in a 

more prolate shape whereas a small angle 

results in an oblate shape. Secondly, the 

mineral composition of the HSBs is very variable 

and our observations suggest that for 

specimens with a high quartz to total ‗clay‘ ratio 

it is not possible to develop a strong magnetic 

anisotropy, i.e. PJ > 1.25 for the chloritoid-

bearing specimens and PJ > 1.15 for the non-

chloritoid-bearing specimens. So, despite the 

fact that we have sampled one specific lithology 

throughout the study area, the boundary 

conditions of the magnetic fabrics, i.e. the 

controlling mineral assemblage, the quartz to 

total ‗clay‘ ratio and the angel between bedding 

and cleavage, do not remain the same. This 

variation of the boundary conditions affects the 

results of the regional magnetic fabric analysis 

and therefore, there cannot be a simple AMS to 

strain correlation for the HSBs of the CAD. 

However, by comparing the magnetic fabric 

development for specimens with similar 

boundary conditions (Fig. 6.53), we can 

conclude that there is a relatively higher 

amount of strain for the CN research area 

compared to the CS research area and for the 

MASB research compared to the MNSB 

research area. Together with the variation in 

boundary conditions, this variation in amount of 

strain between the northern and the southern 

research areas results in a boomerang-like 

pattern in the Jelínek graph of the entire CAD 

dataset (Fig. 6.54). 

The case study emphasizes that it is crucial that 

one investigates the variation in the boundary 

conditions when performing a regional 

magnetic fabric analysis. Reliable magnetic 

fabric to strain correlations will only be possible 

in very specific conditions, i.e. the boundary 

conditions should be the same for all samples. 

Correlations between AMS and strain as 

observed by Parés and van der Pluijm [2003, 

2004] seem to be the exception rather than the 

rule. Therefore, we feel that regional magnetic 

fabric studies, from which the authors draw 

conclusions in terms of tectonic strain without 

determining the magnetic mineralogy 

responsible and/or checking the variation in 

boundary conditions [e.g. Sen et al., 2005; 

Mamtani and Sengupta, 2010], should be 

reassessed because the strain interpretation 

may be ‗over-simplified‘ or even wrong. 

7.3  A workflow for regional 

magnetic fabric studies 

The experience obtained during the case study 

from the CAD is used to propose a proper 

workflow for other regional magnetic fabric 

studies. No reliable interpretations can be drawn 

solely on the basis of an AMS analysis. 

Therefore, the standard AMS measurements 

(low-field, room temperature), which can be 

performed on a large number of samples, 

should be complemented by additional rock-

magnetic and mineralogical experiments, which 

are performed on a representative subset of the 

entire sample collection. Only by performing 

such an integrated rock-magnetic and 

mineralogical approach (IRMMA) can one 

validate (1) whether the magnetic fabric is 

related to the mineral preferred orientations and 

(2) whether the magnetic/mineral fabric is 

related to tectonic strain. If both conditions are 

met, one can try to establish a correlation 

between the magnetic anisotropy and the 

tectonic strain. This is preferably done by 
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Fig. 7.1: Proposed workflow of an integrated rock-magnetic and mineralogical approach (IRMMA) for performing 

a regional magnetic fabric study. 

correlating the AMS with an independent strain 

marker. Extrapolating an AMS-strain relationship 

from one to another location is unreliable 

because the boundary conditions governing that 

relationship might be different. A workflow of 

such an IRMMA for regional magnetic fabric 

studies, which is based on the methodology 

followed in this study, is presented in Fig. 7.1. 

Standard low-field room temperature AMS can 

be rightly considered as a robust, low cost and 

very quick method to obtain a lot of information 

on fabrics. This makes it suitable for a regional 

study, in which a large number of samples need 

to be analyzed. However, the lessons learned 

from this study, resulting in the presented 

workflow, show that, in the end, a thorough 

study using an IRMMA is very time 

consuming and requires a lot of specific 

instruments, which are not as widely available 

as the instruments for measuring standard low-
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field room temperature AMS. This should be 

considered before starting a regional magnetic 

fabric approach. 

7.4  Perspectives 

A paper entitled ―Where do we go from here? 

Past, Present and Future trends in Rock 

Magnetism‖ authored by the staff of the Institute 

Rock Magnetism (IRM) and its Review and 

Advisory Committee was published earlier this 

year in the IRM‘s newsletter, ―IRM Quarterly‖ 

[Banerjee et al., 2014]. This informal paper 

poses some representative broad-based 

science questions, which can be addressed 

through the collection of magnetic data, and 

gives a number of examples of new research 

opportunities that have opened up due to 

advances in mineral magnetism, nanomaterial 

analysis and computational modeling. Although, 

the paper does not directly cite the field of 

magnetic fabrics and anisotropy of magnetic 

susceptibility, it does cite two quickly advancing 

fields that can bring future magnetic fabric 

studies to a new level. 

The first one is concerned with ‘advances in 

novel magnetometry of single crystals’. The 

case study from the CAD, presented in this 

work, beautifully demonstrated the importance 

of knowing the minerals carriers and their 

intrinsic magnetic anisotropy when making a 

quantitative interpretation of magnetic fabrics 

(i.e. the difference in magnetic anisotropy 

between the chloritoid-bearing and non-

chloritoid-bearing rocks). A growing database of 

minerals‘ magnetic susceptibility and their 

intrinsic magnetic anisotropy is becoming 

available in literature due to measurements on 

(relatively large) single crystals (references 

listed in section 7.1). Further work is required to 

extend this database and to investigate the 

variation in intrinsic magnetic anisotropy of 

these minerals (e.g. with chemical composition, 

with variable exchange interactions,..). This will 

require instruments that make it possible to 

measure the magnetic signal of tiny crystals and 

to image in-situ fine-scale magnetic structures. 

Recent advances in developing novel 

magnetometers, e.g. atomic magnetometers 

[Romalis and Dang, 2011], and magnetic 

microscopes, e.g. scanning superconducting 

quantum interference device (SQUID) 

microscopes [Kirtley and Wikswo, 1999], seem 

promising. 

The second field is concerned with ‘advances 

in computational resources and modeling 

software’. Modeling magnetic fabrics from, 

independently determined mineral textures, is a 

promising tool to establish a complete 

understanding of the mineral contribution to 

whole-rock magnetic properties. The 

comparison of the magnetic fabric and preferred 

mineral orientations for specimen 

BR09TH131C3 (section 6.3) demonstrates that 

this modeling approach needs further 

improvements. More comparative studies 

between magnetic fabrics and mineral textures, 

determined from X-ray or neutron diffraction or 

electron back-scattered diffraction (EBSD) 

experiments, in synthetic and natural samples 

could deliver these improvements. Off course, 

this also requires that the single crystal 

magnetic properties are all well-known. If one 

could establish a complete understanding of 

how magnetic anisotropy relates to its mineral 

sources and their intrinsic anisotropy, this would 

allow a better assessment of the limits and 

conditions for quantitative interpretations of 

magnetic fabrics, e.g. in terms of finite strain. 
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