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Abstract 

Carbonate rocks make up ~10 % of the sedimentary rocks on Earth. In crustal 

deformation they play an important role because of their mechanical weakness relative to 

other crustal lithologies, and they often accommodate localized tectonic strain along narrow 

zones. Calcite deformation processes gives rise to crystallographic preferred orientation 

(CPO) and deformation-related microstructures, which impart anisotropy on physical 

properties. From another viewpoint knowing physical anisotropies provides information on 

CPO and microstructure development. This thesis addresses magnetic and elastic properties 

for deformed carbonate rocks, with emphasis on determining the origin of anisotropy for 

these properties. It further establishes the relationship that exists between the physical 

anisotropies themselves together with CPO and deformation. For this purpose the physical 

anisotropies are studied in 1) naturally deformed carbonates from the Morcles nappe, and 2) 

deformed synthetic aggregates of calcite and muscovite. 

The Morcles nappe is a recumbent fold located in southwest Switzerland, which was 

emplaced as the basal structure in the Helvetic Nappe stack. Along the base of the nappe, 

i.e., overturned limb, the sedimentary layers have been intensely elongated and thinned, as 

part of a large scale shear zone. In contrast, the deformation of the normal and outer limbs 

of the fold is much less. The matrix mineral is calcite and the second-phase mineral content 

varies from < 1 vol% to 40 vol%, depending on lithology. 

Anisotropy of magnetic susceptibility (AMS) is measured using low- and high-field 

techniques, at room temperature and 77 K. The combination of techniques allow for 

separation of ferrimagnetic, paramagnetic and diamagnetic subfabrics, providing results 

that can be directly related to the petrofabric. The separation is generally successful for 

samples containing all three subfabrics, and is very reliable when the rock has a simple 

mineral composition. Fe2+, substituting for Ca2+ in the calcite crystal lattice, is prevalent 

throughout the shear zone and has a large influence on bulk susceptibility and the magnetic 

anisotropy. A quantitative relationship is established among the amount of Fe2+, CPO and 

AMS. 

The elastic properties were measured and predicted for consolidated synthetic mixtures 

of calcite and muscovite. The aggregates were synthesized with different modal mineral 
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compositions, ranging from pure calcite to pure muscovite. Compaction imparts a CPO, as 

observed from neutron diffraction goniometry and AMS, where the strength of the CPO 

correlates with the uniaxial load used during synthesis. Seismic wave propagation depends 

on 1) the modal fraction of calcite to muscovite and 2) the porosity subsequent to sample 

synthesis. The seismic anisotropy is strongly influenced by the concentration and CPO of 

muscovite. The volume of pores affects the propagation and anisotropy of compressional 

waves, in contrast to its comparatively weak influence on shear wave anisotropy. Seismic 

velocities are calculated from the CPO and compared to measured seismic velocities. The 

calculated velocities successfully predict measured values when the model accounts for the 

modal mineral composition, CPO of calcite and muscovite, and the volume and shape of 

pores. 

The volume averaged geometrical pore shape is investigated by saturating the synthetic 

aggregates with a ferrofluid. The magnetic anisotropy of the ferrofluid saturated sample 

illustrates the magnetic pore fabric. Permeability is the most important factor for successful 

saturation and application of the magnetic pore fabric, which depends on the pore size and 

shape, mineral composition and the wettability of the solid phases of the aggregates. 

Magnetic and elastic wave anisotropies were measured and calculated for samples 

collected from the highly strained overturned limb of the Morcles nappe, investigating their 

dependence on 1) second-phase content and microstructures, and 2) strain-gradient along 

the shear zone. The physical anisotropies decrease as a function of increasing second-phase 

content, and correlate with the strength of the calcite CPO. In addition, the magnitude of 

anisotropy depends on the strain-gradient along the shear zone. 

In summary, this thesis has addressed the link between physical anisotropies and the 

components that constitute deformed natural and synthetic carbonate rocks, in terms of 

their: 1) CPO, 2) microstructure, 3) chemical composition, and 4) pore network. Magnetic 

and seismic anisotropy, as observed in synthetic aggregates and naturally deformed calcite 

mylonites, are strongly correlated. Successful separation of magnetic subfabrics shows that 

magnetic anisotropy is a useful proxy for CPO and indirectly for seismic anisotropy. 

Separation of the different components that give rise to physical anisotropy helps shed light 

on the mechanisms that produce the anisotropy in the carbonates, and their tectonic history. 
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Zusammenfassung 

Karbonate bilden etwa 10 % der Sedimentgesteine der Erde. Im Vergleich zu anderen 

Gesteinen der Erdkruste zeigen sie relativ schwache mechanische Eigenschaften. Diese 

Eigenschaften sind Grund für Spannungen in tektonischen Zonen, und bilden deshalb einen 

entscheidenden Faktor bei der Krustendeformation. Deformationsprozesse der Kalzite 

können kristallographisch bevorzugte Orientierungen (crystallographic preffered 

orientation CPO) und Mikrostrukturen verursachen, die zu Anisotropien der physikalischen 

Eigenschaften im Gesteins führen. Deshalb kann aufgrund physikalischer Anisotropien 

Rückschlüsse auf CPO und die Entwicklung der Mikrostrukturen gezogen werden. Die 

magnetischen und elastischen Eigenschaften deformierter Karbonatgesteine werden in 

dieser Arbeit genutzt um den Ursprung dieser Anisotropie zu untersuchen. Anhand von 1) 

natürlich verformten Karbonaten der Morcles Decke und 2) verformten synthetischen 

Mischungen von Kalziten und Muskovit, wurden diese physikalischen Anisotropien 

experimentell bestimmt. 

Die Morcle Decke ist eine liegende Falte in der südwestlichen Schweiz, welche die 

Stellung einer basalen Struktur im Deckenstapel des Helvetikums einnimmt. Im Liegenden 

der Decke d.h. im überkippten Faltenschenkel, wurden die Sedimentschichten gestreckt und 

ausgedünnt, wobei sich eine grossflächige Scherzone ausbildete. Im Vergleich dazu sind 

die normalen und äusseren Bereiche der Falte wesentlich weniger verformt wurden. Kalzit 

bildet die Mineralmatrix der Deckensdimente und der Anteil weiterer Mineralphasen ist 

stark abhängig von der Lithologie und variiert von weniger als 1 vol% zu 40 vol%.  

Die Anisotopie der magnetischen Suszeptibilität (AMS) wurde durch Tief- und 

Hochfeldtechniken bei Raumteperatur und 77 K gemessen. Dieser experimentelle Ansatz 

erlaubt die Separation von ferri-, para- und diamagnetischen Texturkomponenten, deren 

Kombination direkt mit der Gesteinstextur zusammenhängt. Die Separation ist generell 

erfolgreich für Proben, die alle drei Texturkomponenten enthalten und hat sich auch 

bewährt für Proben mit nur para- und diamagnetische Texturen. Die Substitution von Ca2+ 

durch Fe2+ in der Kristallgitterstruktur von Kalziten ist allgegenwärtig in der Scherzone der 

Morcle Decke und beeinflusst stark die Gesamtsuszeptibilität und die magnetische 
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Anisotropie. Aufgrund der experimentellen Ergebnisse wird eine allgemein gültige 

quantitative Beziehung zwischen dem Fe2+-gehalt, CPO und der AMS hergeleitet.  

Die elastischen Eigenschaften wurden an synthetischen Mischungen aus Kalzit und 

Muskovit gemessen. Die modalen Mineralanteile variieren zwischen reinem Kalzit und 

Muskovit. Neutronendiffraktion-Goniometrie und AMS Messungen zeigten, dass 

Kompaktion die CPO der Körner beeinflusst. Die Stärke der CPO korrespondiert mit der 

monoaxialen Auflast während der Synthese. Die Ausbreitung seismischer Wellen ist 

abhängig von 1) der modalen Verteilung von Kalzit und Muskovit und 2) der Porosität der 

Probe nach der Synthese. Die seismische Anisotropie ist stark geprägt durch die 

Konzentration und der CPO von Muskovit. Das Porenvolumen beeinflusst die Ausbreitung 

und Anisotropie der Druckwelle stark, hat aber einen verhältnismässig schwachen Einfluss 

auf die Scherwellenanisotropie. Die elastischen Geschwindigkeiten wurden anhand der 

CPO berechnet und mit gemessenen seismischen Daten verglichen. Die theoretischen 

Werte der seismischen Wellengeschwindigkeit reproduzieren die gemessenen Werte, sind 

dabei allerdings abhängig von der modalen Mineralzusammensetzung, der CPO von Kalzit 

und Muskovit, sowie dem Volumen und der Form der Poren. 

Das Volumen, gemittelt über die geometrische Porenform, wurde durch Sättigung der 

synthetischen Aggregate mit Ferrofluiden untersucht. Die magnetische Anisotropie der mit 

Ferrofluiden gesättigten Proben veranschaulicht die magnetische Porenstruktur. Für die 

erfolgreiche Sättigung ist die Durchlässigkeit der kritische Faktor, welcher von 

Porengrösse, Porenform, Mineralzusammensetzung und Benetzbarkeit der festen Phase des 

Aggregates abhängt. 

Magnetische und elastische Wellenanisotropien wurden gemessen und berechnet für 

Proben vom stark verformten, überkippten Bereiche der Morcle Decke. Dabei wurde die 

Abhängigkeit von 1) der sekundären Mineralphase und der Mikrostruktur, und 2) der 

Verformungsgradient der Scherzone untersucht. Der Grad der physikalischen Anisotropie 

nimmt ab, als Funktion des steigenden Gehalts der nicht-karbonatischen Mineralphase und 

korreliert mit der Stärke der Kalzit CPO. Zusätzlich ist die Grössenordnung abhängig von 

dem Verformungsgrad entlang der Scherzone. 

Die Arbeit zeigt die Beziehung auf zwischen der physikalischen Anisotropie und 

natürlich und synthetisch verformten Karbonatgesteinen, im Bezug auf 1) CPO, 2) 
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Mikrostrukturen, 3) chemischer Zusammensetzung und 4) Porennetzwerk. Die magnetische 

und seismische Anisotropie, wie in synthetischen Aggregaten und natürlich verformten 

Marmor beobachtet wurde, korrelieren stark miteinander. Eine eindeutige Separation der 

unterschiedlichen magnetischen Texturkomponenten zeigt auf, dass die magnetische 

Anisotropie ein sehr guter Indikator für die CPO und somit für die seismische Anisotropie 

ist. Die Separation von verschiedenen Komponenten kann sowohl Aufschluss über die 

Mechanismen geben, die eine Anisotropie in Karbonaten hervorrufen, als auch zum 

Verstehen tektonischer Prozesse beitragen. 
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CHAPTER 1 

1 Introduction
 

 

 

 

 

 

 

 

 

 

“You can observe a lot by watching” 

Yogi Berra 



2 INTRODUCTION 

1.1 Magnetic and elastic anisotropy in rocks and minerals 

Laboratory measurements provide a means to constrain physical properties of minerals 

and rocks that make up Earth’s crust. These properties include magnetic susceptibility, 

elasticity, and thermal and electrical conductivity, as examples. For the majority of single 

crystals and rocks, physical properties are anisotropic and must be described by tensors of 

different ranks (e.g., Voigt, 1928; Nye, 1957). Anisotropy of a single crystal is governed by 

its atomic structure and its shape, whereas the anisotropy for an aggregate of crystals 

(rocks) is determined mainly by crystallographic preferred orientation (CPO) and shape 

preferred orientation (SPO) of the constituent grains. Rocks, however, are complex, 

encompassing mineral composition, chemistry, texture and microstructure, each of which 

affects the physical properties. In order to interpret the measured physical properties and 

anisotropy it is necessary to understand how each of the components contributes to the 

measurement. This thesis investigates the factors that give rise to magnetic and elastic 

anisotropy, observed from laboratory measurements of deformed natural and synthetic 

carbonate rocks, and explains the data in terms of their physical and chemical origins based 

on modeling. 

Anisotropy of magnetic susceptibility (AMS) is a second rank tensor property, which 

has mainly been used to characterize the petrofabric (Owens and Bamford, 1976). Its 

usefulness has long been recognized in studies of rocks and sediments as a mineral 

orientation indicator (e.g., Ising, 1942; Graham, 1954). Some of the earliest applications to 

deformed rocks include the work of Balsley and Buddington (1960) on the use of AMS as a 

qualitative strain indicator in granites and gneisses, and Fuller (1960), who demonstrated 

that the remanent magnetization was intimately related to the magnetic anisotropy in slate. 

Effort has since then been focused on the use of AMS as a proxy for strain in tectonically 

deformed rocks (e.g., Borradaile and Henry, 1997; Hirt et al., 1988; Hrouda, 1982; 

Kligfield et al., 1977, 1981, 1983; Martín-Hernández et al., 2004; Tarling and Hrouda, 

1993). A quantitative relationship between strain and AMS was illustrated by Owens and 

Rutter (1978) for laboratory deformed calcite (Fig. 1.1a). In a more recent study de Wall et 

al. (2000) investigated naturally deformed calcites from a shear zone on Thassos (Greece), 

where they were able to demonstrate a relationship between the degree of magnetic 



 

 

 

3 1.1 Magnetic and elastic anisotropy in rocks and minerals 

anisotropy and the localization of strain in the thrust. Superposition of magnetic fabrics 

arises when several different phases are present in a rock, which produce a complex AMS 

that is not simply related to strain (Borradaile, 1988; Rochette et al., 1992). Several 

measurement techniques have therefore been developed for the purpose of separating 

magnetic fabrics (Martín-Hernández and Ferré, 2007 and references therein). Techniques 

have focused on separation of the ferromagnetic (s.l.) anisotropy from the paramagnetic and 

diamagnetic anisotropy (Hrouda and Jelinek, 1990; Martín Hernández and Hirt, 2001; 

2004; McCabe et al., 1985). If separation is successful, it is possible to relate the AMS of 

the magnetic subfabric to the texture and strain of the rock. Schmidt et al. (2007a) have 

recently developed a method for the separation of paramagnetic and diamagnetic 

anisotropies, which allows observation of the magnetic fabric due to calcite. Separation was 

successfully performed for a set of synthetic aggregates containing diamagnetic calcite and 

paramagnetic muscovite, where a quantitative relationship between AMS and texture could 

be established for both the diamagnetic and paramagnetic fabric (Fig. 1.1b; Schmidt et al., 

2009). Synthetic aggregates fabricated with well-defined mineral composition and 

deformed under controlled conditions (e.g., Schmidt et al., 2008; 2009), are useful for 

studying the relationship among physical anisotropy, texture and modal mineral 

composition (Fig. 1.1). Schmidt (2007) concluded his Ph.D. by stating that “the 

measurement of the diamagnetic AMS due to calcite is possible in multiphase rocks and 

that the AMS method is useful for petrofabric analysis of carbonate rocks, when modern 

measurement techniques are used.” Application of this method for separation of the 

diamagnetic fabric in suitable deformed carbonate rocks is naturally the next step. 

Elastic, or seismic, waves are used in the geological and geophysical sciences to study 

the structure and composition of the Earth, on scales that range from local features in the 

crust to the mantle and core structures. Tectonic processes in the crust produce rocks that 

give rise to significant anisotropy in the propagation of seismic waves, through mechanisms 

of plastic and brittle deformation (Crampin, 1985; Rudnick and Fountain, 1995). Seismic 

wave propagation and anisotropy is dominantly influenced by the mineral composition, the 

CPO, the pore/crack network, and presence of pore fluids. Most data on elastic wave 

propagation in single crystals and rocks come from laboratory experiments using ultrasonic 

elastic waves. These experiments primarily help constrain the sources of seismic wave 
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propagation and anisotropy in the Earth, as observed by seismic imaging. Early 

measurements utilizing the pulse-transmission technique of ultrasonic waves date back to 

the late 1930’s, and was principally led by Dennison Bancroft and Francis Birch (Bancroft, 

1940; Birch and Bancroft, 1938; 1940). A database of laboratory compressional wave data 

for rocks from sedimentary, metamorphic and igneous geological settings was compiled by 

Birch (1960; 1961). Meanwhile, Aleksanderov and Ryzhova (1961a, b) published an 

extensive number of elastic wave measurements on rock forming minerals. Subsequent 

work has concentrated on elastic anisotropy of rock and mineral samples, obtaining the 

tensor elastic properties (e.g., Bass, 1995). Elastic properties of carbonates are of interest 

because of their importance as reservoir rocks for natural gas and oil (e.g., Anselmetti and 

Eberli, 1993; Anselmetti et al., 1997; Verwer et al., 2008; Wang, 1997; Wang et al., 1991). 

Additionally, the elastic anisotropy of deformed carbonates and marbles has a prominent 

role in crustal anisotropy, since they are prone to strain localization by plastic deformation 

(e.g., Burlini and Kunze, 2000; Burlini et al., 1998; Khazanehdari et al., 1998; Leiss and 

Ullemeyer, 1999). 
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Figure 1.1: (a) Texture anisotropy from optical measurements and magnetic anisotropies as a 
function of strain (redrawn from Owens and Rutter, 1978); (b) Magnetic anisotropy (k = 
kmax – kmin) as a function of the texture strength in samples of pure calcite (redrawn from 
Schmidt, 2007). 
 



 

 

 

5 1.2 Outline of the thesis 

Over the last 20 years workers have begun to combine the use of magnetic and elastic 

laboratory measurements (e.g., Feinberg et al., 2006; Hirt et al., 1995; Hrouda et al., 1993; 

Louis et al. 2003; 2005; Schmitt et al., 2007). The coincidence of physical anisotropies 

observed in sedimentary rocks, particularly shale and slate tend to be attributed to highly 

anisotropic minerals present in the rock, as well as the pore and crack network. Hrouda et 

al. (1993) investigated undeformed and metamorphosed sedimentary rocks and found that 

the magnetic and seismic anisotropies in both were principally controlled by the preferred 

orientation of phyllosilicates; magnetite provided an additional contribution to the AMS. 

The crack network affected the elastic anisotropy most noticeable when measurements 

were performed at ambient pressure, and its influence diminished at elevated hydrostatic 

confining pressure. Hirt et al. (1995) demonstrated a correlation between magnetic lineation 

and the axis of fast P-wave velocity propagation for shale of the Appalachian Plateau. The 

coinciding anisotropies were attributed to preferred orientation of phyllosilicate minerals. 

The physical anisotropies of igneous rocks have also been investigated. Feinberg et al. 

(2006) noted the correspondence of preferred orientation of magmatic iron-oxides with 

plagioclase and pyroxene in gabbronorites. A strong seismic anisotropy in these rocks was 

inferred based on the preferred orientation of plagioclase. They concluded that AMS could 

be used to study the injection pulses of magma, which could subsequently be linked to the 

crustal seismic anisotropy of these intrusions. Louis et al. (2003; 2005) have utilized 

different physical properties measurements, including magnetic and P-wave anisotropy, to 

better characterize dry and water-saturated sedimentary rocks. The examples above 

illustrate the integration of several physical properties to characterize rocks in a variety of 

applications, a trend which will undoubtedly continue in the future (i.e., Amrouch et al., in 

press; Louis et al., 2006; 2008). Modern measurement techniques, as well as integration of 

physical properties measurements, provide a more complete characterization of rocks and 

the ability to extract information of the individual components that comprise rocks. This 

knowledge allows for interpretation of the geological history of the rocks. 

1.2 Outline of the thesis 

The thesis is divided into six chapters. After the introductory part, the relevant 

background theory and methods are provided in chapter 2. This chapter includes a general 
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description of magnetic susceptibility, its anisotropy and methods used to separate magnetic 

subfabrics within a rock. There is also a short review on elasticity and its anisotropy, and 

finally a description of texture, how it is defined, measured, and used in models for 

computation of physical properties. 

The common theme in chapters 3 and 4 is the influence that texture and 

microstructures imparts on the physical properties of rocks. Chapter three consists of papers 

that address the magnetic fabrics of deformed carbonates of the Morcles Nappe. The first 

paper, which has been published in Tectonophysics (Almqvist et al, 2009), focuses on the 

separation of superposing magnetic fabrics, using high-field torsion magnetometry at room 

temperature and 77 K. The second paper has been published in G3 (Almqvist et al. 2010a) 

and addresses the effect of elemental substitution of iron, in particular, on the magnetic 

anisotropy and the relationship among magnetic anisotropy, texture and mineral chemistry. 

The third and fourth parts of this chapter are in-depth studies of the development of 

magnetic anisotropy in carbonate rocks along the shear zone present at the base of the 

Morcles nappe. 

Chapter four includes two papers that cover the measurements and modeling of elastic 

properties of synthetic mixtures of calcite and muscovite. The first paper, which is 

published in the Journal of Geophysical Research (Almqvist et al., 2010b), is concerned 

with the origin of measured seismic velocities as a function of the composition of mono- 

and bi-mineralic synthetic aggregates, in which the elastic wave anisotropy is controlled by 

the amount and texture of muscovite, and volume percentage of pores. In addition the 

volume of pores has an influence on the seismic velocity. The second paper, which is under 

review in Journal of Geophysical Research, explores the role of a porous framework on 

elastic properties, using effective medium theory and pore fabric determination with 

magnetic ferrofluids. 

Chapter five investigates magnetic and elastic properties, and in particular their 

anisotropies, for highly strained calcite mylonites. The physical properties are viewed in 

relation to the texture and microstructure development of deformed carbonates from the 

large-scale shear zone of the Morcles recumbent fold. 

The final chapter summarizes the work presented in this thesis as a whole. The 

utilization of magnetic and elastic measurements for carbonate rocks is discussed, but their 



 

 

 

7 1.2 Outline of the thesis 

general application in other geological settings is examined and discoursed upon. An 

outlook is provided that examines questions that remain open, and new questions that have 

arisen during the course of this work. Suggestions of future research that can answer these 

questions are outlined. 
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9 2.1 Magnetic susceptibility 

This chapter presents a short overview on magnetic susceptibility and elasticity, 

followed by a description of texture and the methods used to determine the texture strength, 

because texture plays a paramount role in physical anisotropies. These different topics form 

the basis for the measurements and models, which are used in the study of natural and 

synthetic rocks presented in the thesis. The chapter concludes with the topic on the 

prediction of physical properties using mixing models (i.e., the effective medium of mineral 

constituents, pores, and pore fluids) being introduced. 

2.1 Magnetic susceptibility 

The magnetic susceptibility (k) of a mineral or rock is defined by the intensity of 

magnetization (M) over a unit volume in response to an applied magnetic field (H), such 

that M = k H. The magnetization and applied field are vectors, which in the SI unit system 

are given in A/m. Consequently the magnetic susceptibility is dimensionless. By definition 

k is the volume susceptibility, even though it is dimensionless. 

2.1.1 Diamagnetism and Paramagnetism 

For most rock-forming minerals the magnetization is linearly proportional to the 

strength of the applied field, i.e., they are diamagnetic (i.e., dM/dH is negative) or 

paramagnetic (i.e., dM/dH is positive; Fig. 2.1). All matter exhibits diamagnetism, which 

arises from the orbital moment of an electron about the nucleus of an atom. The 

magnetization due to the orbital moment is small and in the opposite direction to the 

applied field. In the purely diamagnetic crystals quartz and calcite the susceptibility is on 

the order of -12 to -1410-6 SI. Table 2.1 lists typical values for susceptibility of other 

common minerals that exhibit only diamagnetism. Atomic elements that have unpaired 

electrons have an additional magnetic moment that arises from spins of the unpaired 

electrons and these are defined as paramagnetic. Iron is the fourth most abundant element 

in the Earth’s crust and therefore many common rock-forming minerals are paramagnetic. 

Paramagnetic minerals commonly have k one to two orders of magnitude higher than 

minerals that are diamagnetic (Table 2.1). Common paramagnetic minerals include many 

phyllosilicates, amphiboles, pyroxenes and olivine. In addition, paramagnetic elements can 
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substitute for diamagnetic elements in the crystal lattice of diamagnetic minerals, e.g., Fe2+ 

and Mn2+ commonly substitute for Ca2+ in carbonates. 

M+

H
0

Paramagnetism

Diamagnetism

M-  
Figure 2.1: The magnetization (M) as a function of applied magnetic field (H) for 
paramagnetic or diamagnetic materials.  
 

2.1.2 Ferromagnetism 

Ferromagnetism is a collective term that refers to materials whose magnetization exists 

in the absence of an applied field. Similar to diamagnetism and paramagnetism, 

ferromagnetism arises from the motion of electrons. When atoms are closely spaced, a 

strong molecular field is created through the exchange interaction of electrons between 

atoms, which orders the magnetic moments in ferromagnetic materials (s.l.). This can give 

rise to permanent or remanent magnetization. Exchange interaction is notable in transition 

metals, such as iron, nickel and cobalt. In iron-oxides and sulphide phases the long-range 

exchange over the transition metals occurs over an oxygen or sulphide atom, respectively, 

in a process known as superexchange. The ferromagnetic behavior of these mineral phases 

can generally be subdivided into three different types: antiferromagnetism, ferrimagnetism, 

spin-canted antiferromagnetism. The most common rock-forming minerals that exhibit 

these types of ferromagnetism are magnetite, hematite, maghemite, pyrrhotite and goethite. 

There are numerous textbooks on rock magnetism that provide a thorough description of 

the physical principles of ferromagnetism (Dunlop and Özdemir, 1997; Nagata, 1961; Néel, 

1955; O’Reilly, 1984; Stacey and Banarjee, 1974), and only a brief introduction is provided 

below, with emphasis on the topics relevant to this thesis. 

 



 

 

11 2.1 Magnetic susceptibility 

Table 2.1: Susceptibility data for common diamagnetic and paramagnetic minerals 

Mineral bulk susc. (SI) k1 (SI) k2 (SI) k3 (SI) Reference 

Diamagnetic minerals      

Azurite -1.15E-05 -1.07E-05 -1.12E-05 -1.24E-05 a1 

Calcite -1.21E-05 -1.24E-05 -1.24E-05 -1.38E-05 b 

Cerussite -1.95E-05 -1.77E-05 -1.96E-05 -2.14E-05 a 

Dolomite -6.24E-06 -5.51E-06 -6.48E-06 -6.84E-06 a1 

Dolomite - Naxos, Greece -1.57E-05 -1.55E-05 -1.57E-05 -1.59E-05 3 

Graphite -3.12E-04 -1.40E-05 -6.10E-04 -6.10E-04 c 

Magnesite -5.01E-06 -4.83E-06 -4.95E-06 5.25E-06 a 

Feldspar -1.21E-05 -1.02E-05 -1.23E-05 -1.37E-05 d 

Quartz -1.34E-05 -1.34E-05 -1.34E-05 -1.34E-05 e 

Witherite -1.58E-05 -1.53E-05 -1.58E-05 -1.63E-05 a 

      

Paramagnetic minerals      

Biotite 1.07E-03 1.19E-03 1.14E-03 8.90E-04 f 

Chlorite 4.90E-04 5.39E-04 5.00E-04 4.31E-04 f 

Muscovite 1.10E-04 1.24E-04 1.18E-04 8.80E-05 f 

Olivine (Fo90) Burma 5.15E-04 5.44E-042 5.18E-042 4.84E-042 g 

Olivine (Fo90) - USA 5.69E-04 6.50E-042 5.57E-042 5.00E-042 g 

Phlogopite 2.73E-04 - 1.18E-03    h 

Rhodochrosite 4.83E-03 4.83E-03 4.83E-03 4.83E-03 a 

Siderite 4.70E-03 6.21E-03 3.97E-03 3.92E-03 a 

1 - Only diamagnetic crystals are used     
2 - k1 = a-axis; k2 = c-axis; k3 = b-axis 
3 - Raw data provided in appendix D        
a Schmidt et al. (2007b); b Schmidt et al. (2006); c Ganguli and Krishnan (1941); d Finke (1910) 
e Hrouda (1986); f Martín-Hernández and Hirt (2003);  g Belley et al. (2009); h Borradaile (1987; 1994) 

 

All ferromagnetic materials display hysteresis in an external magnetic field (Fig. 2.2). 

As the strength of the applied field increases the induced magnetization of the material will 

eventually saturate, thus reaching its saturation magnetization (Ms). Upon removal of the 

saturating field the magnetization of the material gradually decreases, until the field is zero, 

and the remaining magnetization is the saturation remanent magnetization (Mrs). Coercive 

force (Hc) is defined as the field, applied in the opposite direction of the initially saturating 

field, which is necessary to reduce the magnetization of the material to zero. The remanent 

coercive force (Hcr) is the reversed field necessary to remove Mrs. In Figure 2.2, ki is the 

initial susceptibility, whose region is indicated by the small rectangular box. The slope of 
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the magnetization curve in this region is linear and reversible as a function of the applied 

field.  

Ms

Mrs

Hc

ki

M

H

Mr

Mrs

H

(a) (b)

Hcr

 
Figure 2.2: (a) Magnetic hysteresis of a ferromagnetic substance in an applied magnetic field 
(H), with the initial susceptibility (ki), saturation magnetization (Ms), saturation remanent 
magnetization (Mrs) coercive force (Hc), and (b) the incremental demagnetization of the Mrs; 
the point where remanent magnetization (Mr) is zero represents the coercivity of remanence 
(Hcr), where H is the applied field acting opposite to the remanent magnetization. Note that 
each square refers to a measurement of Mr in the absence of an applied field.  

Magnetic anisotropy arises from (1) the shape of the grain, which is referred to as 

magnetostatic or shape anisotropy, and (2) the crystallography of the mineral, referred to as 

magnetocrystalline anisotropy. Shape anisotropy is dominant in ferromagnetic minerals 

(s.l.) with high spontaneous magnetization, e.g., magnetite. Even a slight deviation in shape 

from a sphere or cube produces shape-induced anisotropic magnetic properties of the 

crystal. On the other hand, ferromagnetic minerals (s.l.) with low spontaneous 

magnetization are controlled by the magnetocrystalline anisotropy. Due to the arrangement 

of atoms in the crystal lattice, the induced magnetization will be stronger in certain 

crystallographic directions compared to other directions. Strong magnetocrystalline 

anisotropy is found for hematite and pyrrhotite, but also paramagnetic and diamagnetic 

minerals exhibit magnetocrystalline anisotropy. 

The magnetization of a ferromagnetic particle with a high spontaneous magnetization 

or high Ms, exposed to an externally applied field, can be illustrated by imagining magnetic 

poles on the surface of the grain (Fig. 2.3a, b). For illustrative purposes we can assume that 
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the shape of the grain can be approximated by an ellipsoid. The poles on the surface give 

rise to an internal demagnetizing field (HD), with opposite direction to the applied field. An 

ellipsoidal grain will have a demagnetizing field, HD = -NDM, where ND is the internal 

demagnetizing factor of the grain. The demagnetizing field reduces the applied field, such 

that Heff = H – HD. The internal demagnetizing field is shown in response to the external 

applied field. Note that a higher surface pole density leads to higher magnetostatic energy 

of the ellipse. 

The magnetostatic energy (Ems) of a particle is related to HD. For our prolate ellipsoid 

  
E

ms


1

2
M

s
2N

1


1

2
N

3
 N

1 Ms
2 sin2   (2.1). 

The anisotropy energy of the grain is  

  Ean
 K sin2       (2.2), 

which has the same form as the second term so that the shape anisotropy constant, K, is 

  

1

2
(N

3
 N

1
)M

s
2      (2.3). 

For the simple case of a spherical grain ND = 4/3, with three the principal axes N1 = N2 = 

N3 = 1/3. For a prolate shaped grain, such as in Figure 2.3, the internal demagnetizing 

factor depends on the direction of the applied field. The demagnetizing factors are 

computed numerically (Osborn, 1945; Stoner, 1945). Because of the demagnetizing factor, 

the magnetic susceptibility of the grain is divided into the extrinsic (kE) and intrinsic 

susceptibility (ki), which can be related as  

   
iD

i
E kN

k
k




1
     (2.4). 

Stacey (1960) showed that by using equation (2.1) the shape of the ferromagnetic particle 

can be determined theoretically. Hrouda et al. (2000) used the results of Osborn (1945), 

Stoner (1945) and Stacey (1960) to predict the shape of pores filled with ferrofluid, which 

they termed the equivalent pore concept (EPC). 
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Figure 2.3: The magnetization of an ellipse, wherein (a) the magnetic field is applied parallel 
to the long axis of the grain, and in (b) the magnetic field is applied along the short axis of the 
ellipse. 

2.1.3 Anisotropy of magnetic susceptibility 

As seen from above, induced magnetization is related to the shape or crystal structure 

of a grain, so that the resulting magnetization in an applied field, H, is not necessarily 

parallel to the field direction, but can lie between the direction of easy axis or plane of 

magnetization and H (Fig. 2.4). 

φ

Easy axis of
magnetization

M

H

M

H

θ

(a) (b)

 
Figure 2.4: (a) In an isotropic crystal the induced magnetization (M) is parallel to the applied 
field (H). (b) In an anisotropic crystal M is not necessarily parallel to H; θ is the angle between 
easy axis of magnetization and φ is the angle between the easy axis of magnetization and H. 

In isotropic substances k is simply a scalar, because the magnetization will be parallel 

to the direction of the applied field and will have the same magnitude in every direction. 



 

 

15 2.1 Magnetic susceptibility 

For most natural materials the vector of induced magnetization is not the same as the vector 

of the applied magnetic field, and therefore Mi = kijHj, where kij is a symmetric second rank 

tensor. In matrix form the tensor is written as 

  


















332313

232212

131211

kkk

kkk

kkk

kij      (2.5). 

The anisotropy of magnetic susceptibility can be described geometrically by an ellipsoid 

whose principal axes are the eigenvalues of the tensor k11 ≤ k22 ≤ k33. Because kij = kji the 

susceptibility tensor has six independent elements. 

2.1.4 Separation of magnetic fabrics 

The interpretation of magnetic anisotropy in a rock can become complex, considering 

the collective contribution of diamagnetic, paramagnetic and ferromagnetic minerals. The 

complication due to superimposed magnetic fabrics has been a subject of thorough 

investigation and is still an active research topic (e.g., Borradaile, 1988; Ihmlé et al., 1989; 

Hirt et al., 1995; Ferré, 2002; Martín-Hernández and Ferré, 2007; Martín-Hernández et al., 

2004; Potter and Stephensen, 1988; Rochette, 1987; Rochette and Fillon, 1988). Whereas 

the contribution of all minerals to the magnetic anisotropy is important in itself, it is often 

useful to consider the individual contribution of specific minerals to the AMS. Several 

schemes have been developed to deal with the problem of separating magnetic fabrics. 

Among these methods are anisotropy of anhysteretic remanent magnetization (AARM), 

anisotropy of isothermal remanent magnetization (AIRM), field-dependence of 

ferromagnetic minerals in weak applied fields, low-field AMS at low temperature, high-

field torsion magnetometry at ambient and low temperature, and enhancement of the 

magnetic fabric by growth of new ferromagnetic minerals at high temperature. The AARM 

and AIRM techniques have gained widespread acceptance and are used to study the low 

and high coercivity fraction, respectively, of ferromagnetic minerals (Cox and Doell, 1967; 

McCabe et al., 1985; Jackson and Tauxe, 1991). Some ferromagnetic minerals display a 

dependence on weakly applied fields,  2000 A/m, from which the anisotropy of 

ferromagnetic minerals with field-dependent behavior can be measured (e.g., Jackson et al., 

1998; deWall and Worm, 1993; Hrouda, 2002). In the following two sections the focus will 
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be on torque magnetometry and low temperature AMS techniques, and their application for 

separation of magnetic fabrics. 

2.1.4.1 Torsion in weak and strong magnetic fields 

When a rock sample is suspended between the poles of an electromagnet, it rotates into 

an alignment that preferentially orients the sample into its easy axis of magnetization 

(corresponding to the k1 axis). The easy axis of magnetization is determined by preferred 

orientation of grain shapes and crystallographic axes. The torque experienced by the sample 

is dependent on the intensity of the applied magnetic field and the strength of the preferred 

orientation of crystals, so that 

   
d

dE
T        (2.6), 

where E represents the energy of magnetization and θ is the angle between the direction of 

magnetization and the applied magnetic field (H). The anisotropy tensor is obtained by 

measuring the sample in discrete angular positions between 0° and 360° in at least two 

applied fields for three mutually perpendicular planes.  

Early torsion experiments utilized weak applied fields to study magnetic anisotropy in 

sediments and sedimentary rocks, with samples commonly suspended with a quartz wire 

(e.g., Tyndall, 1851; Ising, 1942). Torsion experiments in low fields were generally time-

consuming, on the order of hours. Present commercial instrument are based on a bridge 

system where specimens can be measured on the order of minutes. 

The benefit of using low-field for the determination of AMS is the linearity between 

magnetization and applied field. It should be noted, however that the range of fields in 

which linearity holds differs among the ferromagnetic minerals (cf., Hrouda, 2002). In 

contrast, torsion measurements in high-field take advantage of the fact that the 

magnetization of ferrimagnetic minerals (sensu stricto) will be saturated, thus providing 

information that enables extraction and separation of magnetic subfabrics. 

Assume for a sample whose axes can be defined in a Cartesian system X1, X2 and X3. 

The magnetic torque of a paramagnetic or diamagnetic specimen, measured about a 

specified axis (X3), which is normal to the plane in which the magnetic field is applied, is 

expressed by 
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where  is the angle between the applied field (H) and the magnetization (M); V is the 

sample volume. From (2.7) it can be seen that the torque of paramagnetic and diamagnetic 

minerals is dependent on the square of the applied field. 

It is also possible to consider the magnetic torque of a ferrimagnetic material, in which 

the field is strong enough to saturate the magnetization 

     
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 2cos22sin
2

1
121122

2

0
3 NNNMVT SE  (2.8). 

In (2.8) VE is the volume of saturated ferrimagnetic minerals, comprising the sample, MS is 

the saturation magnetization and Nij is the demagnetizing factor. Martín-Hernández and 

Hirt (2001) have described a method to separate the magnetic tensors in samples consisting 

of diamagnetic and paramagnetic minerals, and ferrimagnetic minerals. Consider a mixture 

of ferrimagnetic magnetite and paramagnetic mica. Magnetite saturates in fields above 0.3 

T, and in higher fields the torque is strictly due to the increasing linear magnetization of the 

mica. The torque on this sample is the sum of the torque due to magnetite and the torque 

due to mica, 

   micamgttotal ttt       (2.9). 

tmgt does not change above the saturation field of magnetite, whereas tmica is dependent on 

H2.This difference in field dependency is exploited to separate the two subfabrics. 

The torque due to ferromagnetic minerals with high coercivity, such as 

antiferromagnetic hematite and goethite, are difficult to saturate even with applied fields up 

to 2 T, which therefore makes them difficult to separate from the paramagnetic and 

diamagnetic anisotropies. The torque of hematite, however, shows a linear dependency with 

H rather than H2 field dependence. Martín-Hernández and Hirt (2004) used the difference 

in field dependencies to separate magnetic subfabrics by fitting the torque curve to a second 

order polynomial 

     ti
total  At

i
para (H 2 )  Bt

i
hema (H )  Ct

i
ferri   (2.10), 

where the subscript i refers to the plane of the measurement. This requires that the torque is 

measured in a series of fields for each angle, so that a polynomial can be fitted and the three 
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coefficients A, B and C are defined. This is repeated for each angular position. The 

coefficients are than used to define t() and processed to obtain the anisotropy ellipsoids for 

the ferrimagnetic, dia/paramagnetic and hematite subfabrics. This method was used in 

chapter 3.1 to investigate the importance of the contribution of hematite to the magnetic 

anisotropy of different carbonate lithologies from the Morcles Nappe. 

2.1.4.2 Anisotropy of magnetic susceptibility at low temperature 

Low-temperature measurements are typically used in rock magnetic studies to study 

the properties of ferromagnetic (s.l.) particles. For example, magnetite undergoes a 

crystallographic transition at ~125 K, changing from cubic to monoclinic crystal symmetry 

below this temperature (Verwey, 1939). The Verwey transition affects the electrical 

conductivity and the sign of the anisotropy constants, and hence the easy axis of 

magnetization. Hematite also has a temperature dependent transition around -15 °C, known 

as the Morin transition (Morin, 1950). At this temperature hematite changes its easy axis of 

magnetization from within the basal plane to the c-axis, which is normal to the basal plane. 

AMS measurements performed at low temperature conditions can be used to enhance the 

paramagnetic susceptibility, and hence its anisotropy (e.g., Ihmlé et al., 1989; Hirt and 

Gehring, 1991; Richter and van der Pluijm, 1994; Lüneberg et al., 1999). This can be done 

by cooling a sample to a particular temperature and measuring its AMS; Liquid nitrogen is 

commonly used for this purpose. 

The susceptibility of paramagnetic minerals is temperature dependent, except in the 

case of van Vleck paramagnetism (Van Vleck, 1932), whereas diamagnetic susceptibility of 

nearly all minerals is temperature independent. An exception to this rule is graphite, which 

is strongly diamagnetic and displays temperature dependent susceptibility (Ganguli and 

Krishnan, 1941). The susceptibility of a paramagnetic mineral is governed by the Curie-

Weiss law such that 

   



T

C
k p        (2.11), 

where C is a constant that is specific to the mineral, θ is its paramagnetic Curie 

temperature, and T is the absolute temperature. 
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Low-temperature measurements have been used to enhance the petrofabric of specific 

minerals, often phyllosilicates (e.g., Debacker et al., 2009; Martín-Hernández and Hirt, 

2003; Lüneberg et al., 1999; Pares and van der Pluijm, 2002; Ihmlé et al., 1989). In rocks 

that are nearly devoid of ferromagnetic (s.l.) grains, Schmidt et al. (2007a) demonstrated, 

both through theory and experiments, that it is possible to separate the diamagnetic 

anisotropy from the paramagnetic anisotropy, using high-field torque measurements at 77 

K, as long as the paramagnetic signal does not exceed ten times the diamagnetic signal. 

2.2 Elasticity 

2.2.1 Theory of elasticity and Hooke’s law in an isotropic linear elastic solid 

Hooke’s law defines the proportional displacement of the material with respect to an 

applied force (F). The force has to be small enough not to exceed a critical value of the 

material, such that the deformation is reversible once the force is removed. Microscopically 

the displaced particles return to their original position subsequent to removal of the applied 

force, i.e., experiences elastic behavior. The force applied over an infinitesimally small area 

(α) describes the stress (σ) experienced by a material, such that F/α = σ. The strain of a 

material (ε) is the infinitesimally small change in lengths (Δl/l) due to the applied stress. 

For an isotropic, linear, elastic solid, Hooke’s law relates stress and strain, using the 

definition from Timoshenko and Goodier (1934) and Mavko et al. (2009) as: 

   ijijij   2     (2.12), 

and 

   ))1((
1

 ijijij E
    (2.13), 

where εαα is volumetric strain, σαα is three times the mean stress, σij and εij are the tensors of 

stress and strain, respectively. The other variables are Lame’s constant (λ), the shear 

modulus (μ), Young’s modulus (E) and Poisson’s ratio (ν). The Kronecker delta, δij = 0 for i 

≠ j, and 1 for i = j. 

2.2.2 Hooke’s law in an anisotropic linear elastic solid 

In an anisotropic mineral or rock Hooke’s law is expressed in tensor notation. The 

relationship between stress and strain is σ = cε and ε = sσ, where c and s are the stiffness 
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and compliance tensors, respectively; from this formulation c = 1/s. Since stress and strain 

are defined as second rank tensors, σij = cijklεkl and εij = sijklσkl for an anisotropic solid, and s 

and c are fourth-rank tensors, each with a total of 81 coefficients. The number of 

coefficients are reduced to 36 due to the symmetric nature of stiffness and compliance 

tensors (e.g. cijkl = cjikl = cijlk = cjilk). In Voigt index notation cij = cji the number of elastic 

constants reduces to 21 for a general triclinic symmetry. In materials that have higher 

symmetry the independent constants are further reduced. Table 2.2 lists the number of 

elastic constants necessary for the specific crystallographic systems. The correspondence 

between the four index notation and the more compact 6x6 matrix, using Voigt notation 

(e.g., Nye, 1957), is shown in (2.14): 
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(2.14). 

Stress and strain tensors (σ and ε) are written with a single suffix ranging from 1 to 6 in 

matrix notation, such that cijkl becomes cmn (m=ij; n=kl). The Voigt notation used is: 

 Tensor notation  11 22 33 23,32 31,13 12,21 

 Matrix notation   1  2  3    4    5    6 

The compliance tensor can be similarly expressed as shown in (2.14). However, smn differs 

from cmn due to the definition of strains in the Voigt short-hand notation. Thus smn = Nsijkl 

where N = 1 for m and n = 1, 2, 3; N = 2 for m or n = 4, 5, 6; N = 4 for m and n = 4, 5, 6. 

An isotropic elastic material can be expressed by  

   )(c jkiljlikklijijkl      (2.15), 

where the independent elastic constants, expressed in Voigt notation are 

   c11 = c22 = c33 = λ + 2μ 

   c12 = c23 = c13 = λ 

   c44 = c55 = c66 = ½(c11 – c12) = μ. 

Many geological materials have transverse isotropic (TI) symmetry, with one unique 

symmetry axis (e.g., X3) normal to an isotropic plane (containing axes X1 and X2; X1 = X2). 
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The independent elastic constants of a TI material are c11, c12, c13, c33, c44, and c66 = ½(c11 – 

c12). Chapter 4 discusses the elastic properties of synthetic rocks with TI symmetry. 

Deformed rocks, which have experienced simple shear, tend to have a lower symmetry with 

respect to the structural framework (e.g., the foliation). Chapter 5 deals with elastic 

properties of rocks in a shear zone, where the overall symmetry is lower than in a 

transverse isotropic rock. In addition to the material symmetry, it is also necessary to 

consider the single-crystal symmetry. For example, calcite is trigonal with seven 

independent elastic constants (Peselnick and Robie, 1963; Dandekar, 1968), whereas 

phyllosilicates generally have monoclinic symmetry (Aleksandrov and Ryzhova, 1961a, b; 

Vaughan and Guggenheim, 1986; McNeil and Grimsditch, 1993). 

Table 2.2  

Symmetry Number of Independent Elastic Constants 

Cubic 3 
Tetragonal* 6, 7 
Hexagonal 5 
Trigonal* 6, 7 
Orthorhombic 9 
Monoclinic 13 
Triclinic 21 

* The number of elastic constants depends on the 
symmetry elements of the crystal or rock 

2.2.3 Seismic waves 

A seismic wave propagates through a material by several modes. Here we consider two 

typical waves used in geophysics, compressional and shear waves. A compressional (VP) 

wave vibrates parallel to the travel direction in an isotropic material, whereas shear waves 

(VS) propagate with oscillations perpendicular to their travel path. If the material is isotropic 

and linearly elastic the velocity of seismic waves are simply dependent on the elastic 

properties of the material 
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In (2.16) and (2.17) ρ is the density of the material, K is the bulk modulus, μ is the shear 

modulus. For an isotropic material VP and VS can be expressed using the Voigt matrix 

notation with VP = (c11/ρ)½ and VS = (c44/ρ)½. 

In an anisotropic medium, propagation of the elastic waves is described by the elastic 

constants of the stiffness or compliance tensors (2.14). The seismic velocities (VP and VS) in 

a transverse isotropic material can be related to elastic constants of the Voigt short-hand 

matrix such that 

VPH = (c11/ρ)½, VPV = (c33/ρ)½, VSV = (c44/ρ)½, VSH = (c66/ρ)½, 

where VPH and VPV refer to P-waves that propagate horizontally (in the plane of X1 and X2) 

and vertically (along the axis of symmetry X3), respectively. Similarly, VSH and VSV 

represent the horizontal and vertical polarizations, respectively, for a shear-wave that 

propagates in the isotropic plane (X1 and X2). A shear wave that propagates along the 

symmetry axis has VS = VSV, i.e., the shear wave does not exhibit splitting along this axis. In 

order to determine c13 it is necessary to measure the P-wave velocity at 45° to the axis of 

symmetry (cf., Mavko et al., 2009). 

Whereas it is relatively easy to obtain the elastic moduli through laboratory 

measurements for rocks that have high symmetries, such as in the case of materials with 

cubic or transverse isotropic symmetry, it is both time-consuming and difficult to obtain the 

full elastic tensor for a mineral or rock that exhibit monoclinic or triclinic symmetry. 

2.2.4 The ultrasonic pulse transmission technique 

Compressional and shear waves can be measured for rock samples in the laboratory, 

using the transmission of ultrasonic elastic waves through samples that are confined under 

hydrostatic pressure (Birch, 1960; 1961). The measurements of ultrasonic waves in this 

dissertation have been made with a Paterson gas medium apparatus (cf., illustrated in figure 

4.2 of chapter 4). An elastic wave is excited and transmitted through the specimen using a 

ceramic transducer, whose arrival is recorded and converted to an electrical signal by a 

receiving transducer on the opposite side of the sample. The confining medium used to 

pressurize the sample is argon gas, which is compressed using a piston. In order to prevent 

the confining gas from entering the sample and the build-up of pore pressure, the sample 

column, including the transducers, is covered with a steel or copper jacket. The mode of 
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propagation for the wave depends on the transducers used for the experiment, which for 

laboratory measurements are compressional and shear waves. The frequency of the waves 

range between 0.1 MHz and 3 MHz, but ultimately depends on the characteristics of the 

transducers. An oscilloscope attached to a personal computer is used to record the 

waveform collected by the receiving transducer. A typical waveform for a compressional 

wave at elevated confining pressure and room temperature conditions is shown in Figure 

2.5. 
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Figure 2.5: A waveform for a compressional wave for a calcite mylonite core. The signal 
trigger is shown on the left side of the waveform, which is followed by the first arrival of the 
P-wave. 

The seismic velocities of the P- and S-waves are determined by considering the arrival 

time as a function of the sample length. It is necessary to calibrate the arrival time of the 

seismic waves, since the waves travel for some unknown time in the column that holds the 

sample. Additionally the travel-time changes with increasing pressure. The calibration is 

performed using a material that has well-constrained elastic properties, such as a single 

crystal of sapphire, steel or brass. A steel standard was used for the experiments presented 

in this thesis. By varying the length of the standard it is possible to infer the delay due to 

the sample column and its pressure dependence, from the intersection of the regression line 
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with the y-axis (Fig. 2.6a). Calibration measurements also provide the arrival time as a 

function of increasing pressure, or the pressure derivative (dV/dP; Fig. 2.6b). 
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Figure 2.6: (a) The arrival time of compressional waves in steel rods of different lengths at 300 
MPa confining pressure; (b) the pressure dependence of the P-wave in the transducer 
assembly column. 

2.3 Texture 

The arrangement of crystals in a material produces a texture. In the case when crystals 

have similar orientation they are said to have preferred orientation. Two types of preferred 

orientation are commonly referred to when addressing the texture of a rock. The first is 

crystallographic (CPO), which concerns the alignment of the crystallographic axes of the 

minerals that compose the rock. The second case is the shape of the grain, or the shape 

preferred orientation (SPO), such as flat and elongate grains. The relationship between 

texture and anisotropy of rocks and metals is an extensive research field (e.g., Bunge, 1982; 

Lloyd et al., 1991; Wenk, 2002; Wenk and van Houtte, 2004; Mainprice, 2007). 

Three methods have been used for texture measurements in this thesis:  (i) X-ray 

diffraction; (ii) Neutron diffraction goniometry; and (iii) electron backscatter diffraction 

(EBSD) with a scanning electron microscope (SEM). These methods utilizes the interaction 

of radiation, be it X-rays, neutrons, or electrons, with the crystal lattice, which produces 

diffracted wave fields described by Bragg’s law 

   sin2dn       (2.18), 
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where n is an integer, λ is the wavelength of the incident radiation, d is the atomic lattice 

spacing, and θ is the angle between the incident radiation and the atomic lattice plane (Fig. 

2.7). The orientation of crystal planes and directions are given by Miller indices, which are 

three integers representing intercepts of the plane a/h, b/k, c/l along the crystallographic 

unit cell axes. A crystallographic plane is denoted by curved brackets, such as (hkl), 

whereas a crystallographic direction is indicated by square brackets, [uwv]. 

Each texture method has its advantages and disadvantages, and together they provide 

complementary information on the sample texture and microstructures. In X-ray and 

neutron diffraction measurements it is possible to determine the orientation distribution 

function (ODF), which is a statistical representation of the three-dimensional distribution of 

crystal orientation in the sample. 

λ

d
θ

Diffracted rayIncoming ray

 
Figure 2.7: An illustration of the concept of Bragg’s law, showing the interaction of a wave 
with wavelength λ with crystalline matter. The angle of the diffracted ray (θ) is a function of 
the lattice plane thickness d. 

2.3.1 X-ray and neutron diffraction 

Standard X-ray diffraction goniometer measurements utilize a monochromatic X-ray 

beam (i.e., constant wavelength, λ). A polished thick or thin sample can be used for the 

measurements. In the first case the detector is used to measure the reflected X-rays, 

whereas in the second case the detector measures transmission of X-rays through the thin 

sample. The current discussion considers only x-ray diffraction in reflection mode. X-rays 

are strongly absorbed as a result of their interaction with the electron cloud of atoms. The 

penetration depth is ≤ 100 μm, although the exact depth is dependent on the absorption 
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properties of the material and the intensity of the X-ray beam. The diffraction detector is set 

to a specified angle, 2θ, which corresponds to a crystal lattice plane (hkl) of interest. The 

sample is then rotated with respect to the incident X-ray beam, which results in more 

intense reflection for some sample orientations if the crystals have a preferred orientation. 

The poles, (direction normal to a specified crystallographic plane) are plotted on a 

stereographic projection, known as a pole figure. Depending on the mineral under 

investigation certain crystallographic planes are stronger reflectors than others. X-ray 

diffraction goniometer measurements yield incomplete pole figures, since some areas of the 

specimen cannot be scanned. In reflection mode it is not possible to observe the scattering 

intensity when the specimen is nearly parallel to the incident X-ray beam. The missing 

information can be complimented by measuring a specimen in different orientations, or by 

combining reflection and transmission modes. 

In contrast to X-rays, neutrons interact weakly with matter, which enables deep 

penetration of the sample. The deep penetration is due mainly due to the interaction of 

neutrons with the atomic nuclei. This is both an advantage and a disadvantage (Wenk, 

2002). The disadvantage is that weak interaction and absorption requires long measurement 

times, but this is generally outweighed by the advantage that a large sample volume can be 

scanned. Given enough time, it is possible to determine the overall texture in a standard one 

inch diameter rock core, with a similar length. Therefore it is possible to use the same cores 

for AMS measurements and neutron diffraction. Samples of irregular shape or coarser 

grain-size can also be analyzed, because of the large volume considered by neutron 

diffraction. Because X-ray and neutron diffraction measures the intensity of diffraction for 

a volume that includes many grains, they are labeled macrotexture methods (Engler and 

Randle, 2010). 

2.3.2 Electron backscatter diffraction 

Similar to X-ray and neutron diffraction, EBSD utilize the properties of Bragg’s law, 

but EBSD is used in different manner for two reasons. First, electrons carry a charge, which 

enables their interaction with matter to be imaged with a transmission or scanning electron 

microscope (TEM; SEM). Second, the small volume exposed (submicron) to the electron 

beam can be used to target small sample surfaces and individual grains. For EBSD 
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measurements, a SEM is equipped with a diffraction camera, generally covered with a 

phosphor screen, which is able to sense the diffraction of electrons. The sensor is located at 

a high angle to the electron source, ~90°. The sample stage is tilted 60 – 70° with respect to 

the horizontal, such that the number of diffracted electrons increases. Such a setup is shown 

in Figure 2.8 (a, b). 

Diffracted electrons produce Kikuchi patterns, or Kikuchi bands, which correspond to 

specific lattice planes of the crystals (Fig. 2.8c). When the electron beam enters the 

specimen it is scattered upon interaction with the solid crystalline matter. Electrons that 

arrive with coincident angle to the Bragg angle (n = 1 in eq. 2.18) for a specific 

crystallographic plane (hkl) are elastically scattered and produces a strong backscattered 

beam that correspond to the hkl plane; electrons scatter in directions that give rise to two 

diffracted cones (“Kossel” cones; Engler and Randle, 2010). The phosphor screen of the 

diffraction camera is positioned so as to collect the pattern of the cones. These cones are 

nearly flat, therefore producing lines on the phosphor screen; the Kikuchi lines. 
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Figure 2.8: (a) and (b) represent the setup of a SEM used for EBSD measurements. Note that 
the sample is tilted with respect to the incident electron beam of the pole piece (images 
reprinted with permission from Oxford Instruments; http://www.ebsd.com/ebsd-
explained/basicsofebsd1.htm); (c) a Kikuchi diffraction pattern from a sample of a calcite 
mylonite, observed during EBSD measurements. Each pair of lines refers to a 
crystallographic plane (image courtesy of M. Herwegh). 

In order to produce good diffraction patterns it is necessary to use carefully polished 

samples. Electron interaction is very shallow with respect to the sample surface in 

comparison with X-ray and neutron diffraction, and generally do not penetrate to depths 

below 100 nm of the sample surface. The benefit, however, is the possibility to target 

specific areas of the sample for texture analysis. It is possible to scan an area of the sample 
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by point measurements, whereby grain boundaries and grain orientations can be outlined. 

With EBSD it is possible to image and determine the crystallographic preferred orientation 

of individual grains, since each point measurement directly yields the complete 

crystallographic orientation. Thousands to tens of thousands of measurements are typically 

performed over a given sample area, where many point measurements target a single grain. 

Hence EBSD is referred to as a microtexture method (Engler and Randle, 2010). It is also 

possible to combine EBSD measurements with microstructural measurements (e.g., 

Herwegh, 2000; Ebert et al., 2007) and energy dispersive X-ray spectroscopy (EDS), the 

latter which produce chemical element maps. 

2.3.3 The orientation distribution function 

A three dimensional density distribution of crystallographic orientations is necessary to 

quantitatively determine the texture of a polycrystalline sample. This is known as the 

orientation distribution function (ODF). The ODF cannot be measured directly, but inferred 

from several pole figures (i.e., the distribution of poles to a specific crystallographic plane, 

such as the (0001) or (10-12) pole figures for calcite). The number of pole figures needed to 

define the ODF of a specified mineral depends on the symmetry of the mineral and sample 

under consideration (Bunge, 1982). The ODF is expressed by 

   )(
)(1
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gdV
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gODF      (2.19), 

where g refers to a direction in space defined by the Euler angles (φ1, Φ, φ2), and V is the 

volume of grains that are aligned parallel to the direction of g, and dg is an orientation 

range specified in Euler space. In practice, g usually covers an area of a few degrees. In 

such a way the crystal preferred orientations can be mapped for the entire sample space and 

the density distribution of particular crystallographic axes are usually plotted on the upper 

or lower hemisphere of an equal area or equal angle projection as pole figure. The texture 

strength is usually presented with the J-index, which is defined as 

     dggfJ 2)(      (2.20), 

where g are the Euler angles and f(g) represent the ODF. 

Skemer et al. (2005) suggested using misorientation angles of grains in a sample as a 

measure of the texture strength, termed the M-index. The misorientation angle is defined as 
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the angle between a common crystallographic axis of two grains of the same mineral, such 

as the c-axis for calcite. When the angle between the axes is small, the misorientation angle 

is small, and vice versa. The maximum misorientation angle between two grains is dictated 

by the crystal symmetry (Grimmer, 1979). Two types of misorientation angle classification 

exist, 1) the correlated misorientation angles, which are restricted to the angle between two 

neighboring grains, and 2) the uncorrelated misorientation angles, which take into account 

the angle of all possible grain combinations in the sample. The M-index is defined as 

     dRRM T )()(
2

1 0     (2.21). 

where RT represents a theoretical distribution of uncorrelated misorientation angles for a 

random orientation of crystallographic axes and R0 is the observed distribution of 

misorientation angles. In practice, the angle θ is divided into finite bins (i.e., 1°), and 

observed misorientation angles are summed over θ = 0 to θmax, where θmax is defined by the 

crystal symmetry. A strong texture is defined when the difference between RT and R0 is 

large, and a weak texture results when the difference is small. When M = 0 the texture is 

random and for M = 1 all grains have the same crystallographic orientation (i.e., a single 

crystal). 

2.4 Prediction of physical properties from texture and mixture theory 

A single crystal manifests physical anisotropy related to different crystallographic 

axes, or due to the shape of the grain. If the single crystal property tensor is known, the 

texture can be used to calculate physical properties. Appropriate software is available for 

this purpose (Mainprice, 1990; Wenk et al., 1998; Leiss and Ullemeyer, 1999). 

2.4.1 Voigt, Reuss and Hill bounds 

Theoretical prediction of physical properties is possible by mixture of separate 

components. In the most general model it is possible to consider the volume fraction of 

each component that comprises the rock and the individual elastic moduli for each 

component. In this case an upper and a lower bound is generated, the Voigt and Reuss 

bounds, respectively (Fig. 2.9). For the Voigt bound (Voigt, 1928) the elastic modulus (MV) 

of a mixture is 
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where N is the number of phases making up the medium, fi is the volume fraction for the 

i’th component, and Mi is the elastic modulus (such as the bulk or shear modulus) of the 

i’th component. The Voigt bound is known as the isostrain average, or the stiff bound, 

since all constituents of the effective medium are considered to have the same strain, 

whereas the stress is varied. The Reuss bound (Reuss, 1929) represents the lower boundary 

for the elastic modulus (MR) in an effective medium 
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In contrast to the Voigt bound, the Reuss bound consider all components of the effective 

medium to have the same stress, thus called the isostress average, whereas the strain vary 

among the components that compose the effective medium. Hill (1952) suggested using the 

arithmetic average of the Voigt and Reuss bounds,  
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      (2.24), 

which is known as the Voigt-Reuss-Hill (VRH) average. Although no theoretical 

justification exist for the VRH average, it is commonly used and often predicts the elastic 

moduli of the effective medium in satisfactory manner. 
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Figure 2.9: Voigt and Reuss bounds for (a) the bulk modulus of a isotropic mixture of calcite 
and muscovite, (b) the shear modulus of a isotropic mixture of calcite and muscovite, and (c) 
the bulk and shear moduli for a mixture of calcite and pores filled with air. 

2.4.2 Using the CPO and the single crystal tensor for prediction of physical properties 

Seismic velocities and anisotropy can be predicted knowing the modal proportions of 

each mineral phase, their CPO, and their single crystal elastic tensors (Mainprice, 1990). 
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The magnetic anisotropy, or any other second rank tensor property (i.e., thermal 

conductivity and electrical conductivity), can be similarly predicted as long as their single 

crystal tensors are known. Thus it is possible calculate upper Voigt, lower Reuss and VRH 

bounds, as shown above, with the additional information of the specific orientation of 

crystals in the sample, either using the ODF in case of X-ray and neutron diffraction 

measurements or the direct crystallographic measurements (Euler angles) obtained from 

EBSD (Mainprice and Humbert, 1994; Matthies and Humbert, 1993). 

2.4.3 The self-consistent and differential effective medium 

An exact prediction of the elastic moduli for an effective medium can be obtained if 

the following are known, 1) the modal proportion, 2) the elastic constants, and 3) the 

geometrical details of each constituent, whether it is the shape, crystallographic preferred 

orientation, or position. For the general case such a model considers a background initial 

value that is unknown (e.g., the Voigt average), and the self-consistent solution is found by 

iteration. Inclusions of two more components are added to this background medium. This is 

called the self-consistent approximation (Budiansky, 1965; Hill, 1965; O’Connell and 

Budiansky, 1974). The background medium is replaced by inclusions, thus changing the 

effective medium properties. The added inclusions have a specified shape, for example 

spherical, penny-shaped or needles (Berryman, 1995). When the inclusion shape is simple, 

such as for spheres, needles and penny-shaped cracks, and the background medium is 

isotropic the solution can be obtained analytically (Berryman, 1980a; 1980b; Mavko et al., 

2009). However, the solution for the case of ellipsoidal inclusions with arbitrary shape must 

be computed numerically (e.g., Mainprice, 1997; 2007). The DEM is a special case of the 

self-consistent approximation (Bruner, 1976; Henyey and Pomphrey, 1982; Le Ravalec and 

Gueguén, 1996), which is strictly a two-phase component model: a background medium 

and the inclusion. In the DEM the inclusion is added to the background in small amounts, 

whereby the effective medium is updated before another portion of the inclusion is added. 

The DEM is described in Chapter 4.2, where it is used to predict the elastic properties in 

anisotropic calcite-muscovite aggregates with varying porosity, where the former acts as 

the background medium and the latter is the inclusion. 
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CHAPTER 3 

3 The origin and separation 
of magnetic fabrics in 

deformed carbonate rocks

 

All minerals that comprise a rock sample contribute to the bulk susceptibility and magnetic 

anisotropy, whether diamagnetic, paramagnetic or ferromagnetic (s.l.). In carbonate rocks the bulk 

mineral volume is made up by calcite and dolomite, but their weak diamagnetic susceptibility is 

commonly outweighed by the presence of much smaller volumes of paramagnetic and 

ferromagnetic (s.l.) phases. This chapter concerns the extraction and origin of magnetic sub-fabrics 

in deformed carbonate rocks, using high-field torque magnetometry performed at different 

temperatures. Separated sub-fabrics reveal the petrofabric and can be related to the tectonic strain. 
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3.1 Magnetic Fabrics of the Morcles Nappe complex 
Bjarne S. G. Almqvist, Ann M. Hirt, Volkmar Schmidt, Dorothee Dietrich 
Published in: Tectonophysics, 466, 89-100 
 

3.1.1 Summary 

Anisotropy of magnetic susceptibility (AMS) measured with high fields, at ambient 

and low temperatures (77K), has been used to separate ferromagnetic (sensu lato), 

paramagnetic and diamagnetic sub-fabrics for deformed limestone located in a nappe 

structure from southwest Switzerland. The magnetic fabrics are dominantly controlled by 

paramagnetic and diamagnetic minerals, and ferromagnetic minerals contribute 

significantly only at two of the eight study locations. Separation of the magnetic sub-fabrics 

is possible in the root-zone and overturned limb of the Morcles Nappe, which contains a 

high ratio of diamagnetic matrix calcite to paramagnetic secondary phases. Each of the sub-

fabrics displays a relationship with structural cleavage and the crystallographic preferred 

orientation (CPO) of calcite in the root-zone and overturned limb. The maximum axis of 

the paramagnetic AMS ellipsoid (kmax) lies close to the pole to cleavage, with the 

intermediate (kint) and minimum (kmin) axes near the cleavage plane. Conversely, the 

diamagnetic kmin lies close to the pole to cleavage with kmax and kint axes near the cleavage 

plane. Slight offsets in the poles to cleavage and in the principal AMS directions are 

observed. They are interpreted to be the consequence of a second phase deformation event, 

affecting only the CPO but not the macroscopic structural elements. The diamagnetic sub-

fabric reflects the CPO of calcite, produced through recrystallization during nappe 

deformation. Iron-rich calcite appears to control the paramagnetic sub-fabric. Susceptibility 

ellipsoids approach oblate shapes for the diamagnetic sub-fabric, with the most extreme 

shapes reaching susceptibility differences (Δk=kmax-kmin) close to that of single crystal 

calcite, whereas the paramagnetic sub-fabric is represented mainly by prolate shape 

ellipsoids. The low-field AMS ellipsoids show mixed oblate and prolate shapes, without 

consistency within or between sites. It is evident that, when the magnetic sub-fabrics of the 

root zone and overturned limb are separated, their individual shapes and distribution of 

principal directions mirror the developed CPO. 
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3.1.2 Introduction 
Anisotropy of magnetic susceptibility (AMS) provides a powerful tool to aid 

interpretation in many geological problems involving rock and mineral fabrics (e.g. Fuller, 

1963; Graham, 1966; Kligfield et al., 1981; Tarling and Hrouda, 1993; Borradaile and 

Henry, 1997). The AMS arises from the unequal magnetizations along different axes of the 

rock, influenced by the aggregate texture of the rock and the intrinsic properties of each 

mineral in the assemblage. 

The magnetic susceptibility of a rock results from the sum of diamagnetic, 

paramagnetic and ferromagnetic mineral contributions. Most minerals are magnetically 

anisotropic and their susceptibility is dependent on either their grain shape, as is the case 

for ferromagnetic (sensu lato) minerals with high spontaneous magnetization, or their 

crystallographic preferred orientations. In order to understand what controls the magnetic 

fabric in a rock it is desirable to separate the diamagnetic, paramagnetic and ferromagnetic 

sub-fabrics, which makes it possible to observe individual mineral and texture contributions 

to the total magnetic fabric (Owens and Bamford, 1976; Henry and Daly, 1983; Rochette 

and Fillion, 1988; Hrouda and Jelinek, 1990; Borradaile and Werner, 1994; de Wall et al., 

2000; Martín-Hernandez and Hirt, 2001; 2004). Separation of the magnetic sub-fabrics can 

be achieved through the use of strong magnetic fields, in which ferromagnetic minerals 

(sensu lato) are saturated and the AMS of non-saturated, field-dependent diamagnetic and 

paramagnetic sub-fabrics may be isolated (Rochette et al., 1983; Rochette and Filllion, 

1988; Martín-Hernandez and Hirt, 2001). Additionally, the introduction of low-

temperature, high-field torque measurements enabled Schmidt et al. (2007a) to isolate the 

temperature-independent diamagnetic fabric from the temperature-dependent paramagnetic 

AMS. The present investigation attempts to isolate the magnetic sub-fabrics in naturally 

deformed calcite carbonates from the Morcles Nappe, southwestern Switzerland (Fig. 3.1), 

using the techniques of Martín-Hernandez and Hirt (2001), and Schmidt et al. (2007a). In 

this study, the diamagnetic AMS ellipsoid is described by the signed values of 

susceptibility. Hence, the minimum susceptibility (kmin) refers to the most negative 

susceptibility value, which coincides with the crystallographic c-axis in calcite. This 

convention is recommended for describing the orientation of principal directions (Hrouda, 

2004). The shape parameter (U) employed here is used in accordance with Schmidt et al. 
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(2006) and Hrouda (2004), producing ellipsoid shapes for a prolate CPO of diamagnetic 

calcite. However, it should be noted that use of the shape factor for diamagnetic minerals is 

complicated by their negative susceptibilities (Hrouda, 2004; Borradaile and Jackson, 

2004).  
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Figure 3.1: Location of the Morcles Nappe and its related structural features. Sample sites are 
shown by numbers and corresponding circles. Filled (empty) circles in this and subsequent 
figures indicate sites where Ihmlé et al. (1989) originally found inverted (normal) magnetic 
fabrics, with respect to structural cleavage. 
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3.1.2.1 Geology of the Morcles Nappe 

The Morcles Nappe is a recumbent fold, which forms the lowermost thrust sheet in the 

Helvetic Nappe pile, consisting mainly of Mesozoic sediments of Jurassic and Cretaceous 

ages with a thin, early Tertiary cover wrapping around the Mesozoic carbonates (Ramsay, 

1981). The nappe is divided into three parts, based on its deformation state and position 

within the nappe (Fig. 3.1). The base of the normal limb of the nappe, the so-called root 

zone has been highly deformed with a very fine-grained (mylonitic) fabric. The main planar 

structure is a strongly developed cleavage Sample sites PM04 and PM05 are situated in the 

root zone. The outer, external part of the normal limb of the nappe is rather weakly 

deformed, with respect to the remainder of the nappe. Original bedding (s0) represents the 

principal planar structure. Sample sites PM07, PM08 and PM15 are located in this part of 

the nappe. The overturned limb is represented by a mylonite shear zone, where the 

stratigraphy has been inverted. The nappe has been displaced about 12 km toward the 

northwest along the shear zone (Goy-Eggenberger, 1998), and an intense cleavage has 

obliterated bedding. Samples were collected from three locations (PM01, PM02 and PM03) 

in this portion of the nappe. Information of sample localities and lithology is summarized in 

Table 3.1. 

Table 3.1: Geologic information on sampling locations. 
Sample Location Lithology Major compostion 
PM01 Overturned limb Dogger Recrystallized calcite 
PM02 Overturned limb Gault Recrystallized calcite 
PM03 Overturned limb Valanginian Recrystallized calcite 
PM04 Root zone Valanginian Recrystallized calcite 
PM05 Root zone Valanginian Recrystallized calcite 
PM07 Normal limb Urgonian Biomicritic calcite 
PM08 Normal limb Valanginian Oolitic limestone 
PM15 Normal limb Urgonian Fine grained calcite 

  

Typical microstructures for the sample sites are illustrated in Figure 3.2. A clear 

distinction can be made between samples from the root and shear zone of the nappe and 

samples from the normal limb of the nappe. Intense recrystallization is evident in the 

former two locations (Fig. 3.2a-e), due to crystal-plastic deformation. Chlorite is present in 

site PM02, as thin dark bands inter-layered with calcite, which is the only location where 

phyllosilicates appear to contribute significantly to the AMS (Fig. 3.2b). Twinning is  
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Figure 3.2: (previous page) Petrographic thin section images from selected locations in the 
nappe. Images a) – e) show representative microstructures from the root zone and overturned 
limb of the nappe, where cleavage (s1) is oriented horizontally. Specifically, in b) an obliquity 
of the grain shape fabric (s2) is noted, with respect to the original cleavage (s1). In images f) –
h) the bedding (s0) is oriented horizontally. For PM08, in h) the oolites are elongated parallel 
to cleavage (s1). Thin sections were cut parallel to the stretching lineation and normal to the 
cleavage/bedding. Note that images a), c) – f) were captured in cross-polarized (CPL) with 
gypsum plate inserted; c) was captured in CPL;g) and h) were captured in plane-polarized 
light (PPL). 

common in large remnant grains in the root zone and overturned limb, together with the 

more recent recrystallized fine-grained calcite (e.g., Fig. 3.2d). Serration of grain-

boundaries is observed in larger calcite grains, suggesting that the dynamical 

recrystallization is preserved, i.e. no annealing of the fabric occurred (Ihmlé, 1989).  

In contrast microfossils are commonly preserved in the less deformed samples from the 

normal limb (Fig. 3.2f-h), and the shapes of the oolites in Figure 3.2h indicate only 

moderate strain, with precipitation of calcite in the void spaces (Fig. 3.2h). Mineralogically, 

the samples are rather uniform, dominated by calcite, with small amounts of second phases 

which include micas, quartz and dolomite (see also Ebert et al., 2007). 

Two phases of folding observed in the nappe are related to the same kinematic event 

(Dietrich, 1986). The most important features that relate to these deformation events are  

summarized below (Dietrich and Song, 1984; Dietrich, 1986; Dietrich and Casey, 1989; 

Ebert et al., 2007). 

 

1) Macro-scale structural features define the first phase of deformation, in which 

flexural-slip buckle folds formed in the frontal and core portions of the Nappe 

during its initial emplacement (Dietrich and Casey, 1989). The main cleavage of the 

Morcles Nappe is axial planar to these folds. The intensity of cleavage development 

increases towards the root zone and towards the basal shear zone of the overturned 

limb, in accordance with the increase in shear strain. A well defined stretching 

lineation is visible in the cleavage planes (Dietrich and Durney, 1986: fig. 4). Peak 

temperatures within the Morcles fold range from >350°C (sub-greenschist facies) in 

the root zone of the fold to ~200°C (anchimetamorphic) in the frontal portions of 

the fold (Ebert et al., 2007; Frey et al., 1980). 
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2) The second phase of deformation is observed macroscopically by the of the main 

cleavage planes, and microscopically by dynamic recrystallization of calcite 

(Dietrich and Song, 1984). This recrystallization creates a grain shape fabric with 

long axes of calcite grains slightly oblique to the main cleavage (e.g. Fig. 3.2b). 

Calcite shows a well developed CPO, reflecting the same obliquity between the C-

axes and the normal to the cleavage as seen in the grain shape fabric Overprinting 

by the second phase folding is most pervasive in the root zone and shear zone of the 

overturned limb, whereas the outer portions of the fold remain largely unaffected by 

this event (Dietrich, 1986). 

3) Calcite preferred orientation weakens in the NW part of the Morcles Nappe, outside 

of the high strain shear zone of the overturned limb and root zone (Dietrich and 

Song, 1984; Dietrich, 1986). Pressure solution is the dominant mechanism of 

deformation in the frontal part and normal limb of the fold. Together with a 

weakening texture, the grain-size diminishes in the NW frontal fold and normal 

limb.  

 

In a previous study of the Morcles Nappe, Ihmlé et al. (1989) presented low-field AMS 

measurements, determined at room temperature and at low temperature (77K). For several 

of their sample locations within the fold structure they found an inverse magnetic fabric, 

characterized by directions of the maximum susceptibility (kmax) that coincided with the 

poles to average structural cleavage within the fold structure. The inverse fabric was found 

only in the root zone and overturned limb, where the carbonates had experienced large 

shear strains. The authors explained the inverse magnetic fabric by substitution of 

paramagnetic Fe2+-cations in the carbonate lattice (e.g., Rochette, 1988). Microprobe 

analysis for sample locations in these areas (PM01, PM04 and PM05) of the nappe shows 

uniform Fe-concentrations ranging from 2600 to 4500 ppm (Ihmlé et al., 1989). Schmidt et 

al. (2006) have demonstrated that substitution of Fe2+ for Ca2+ of more than 400 ppm 

produces an inverse magnetic fabric, represented by a prolate AMS ellipsoid. In the 

absence of other paramagnetic minerals the AMS of the carbonate lattices becomes 

controlled by the substituting paramagnetic iron cations in the carbonate lattice, which align 
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their easy-axes of magnetization parallel to the crystallographic c-axis (Rochette, 1988). 

Directions of kmax in these ferrous carbonates orient sub-parallel to the c-axis maxima, 

which has developed perpendicular, or nearly perpendicular to the plane of foliation (e.g. 

Wenk et al., 1987; Erskine et al., 1993; Bestmann et al., 2000). The study presented here 

expands the previous work by Ihmlé et al. (1989), and attempts to separate the magnetic 

fabrics due to the paramagnetic phases, including iron-rich calcite, from the diamagnetic 

fabric represented by pure calcite. The individual sub-fabrics relate to the deformation 

mechanisms and tectonic evolution that operated in the Morcles Nappe. 

3.1.3 Methods 

The sample set consists of 48 standard paleomagnetic cores collected from eight 

locations around the main structure of the Morcles Nappe (Fig. 3.1), originally collected for 

the study by Ihmlé et al. (1989). Samples were drilled in the field during the autumn of 

1988 with a portable gasoline-powered diamond-bit drill, and then cut into specimens with 

2.54 cm diameter and 2.3 cm length. Specimens with this length-diameter ratio exhibit little 

influence of sample shape on the measured anisotropy (Kent and Lowrie, 1975). All rock 

magnetic and AMS measurements were made at the Laboratory for Natural Magnetism 

(LNM), ETH Zürich, as part of the present study.  

The ferromagnetic mineralogy in the samples was identified using acquisition of 

isothermal remanent magnetization (IRM) and thermal demagnetization of cross-

components (Lowrie, 1990). A combination of these rock magnetic methods effectively 

discriminates between the commonly occurring ferromagnetic (sensu lato) minerals. IRM 

acquisition was imparted along the sample Z-axis for at least two specimens at each site 

using an ASC Model IM-10-30 impulse magnetizer. Specimens containing a substantial 

amount of high coercivity minerals, such as hematite and goethite, were excluded from the 

separation of magnetic sub-fabrics (e.g. when the IRM imparted at 2.5T exceeded 2A/m). 

Cross-component analysis (Lowrie, 1990) was performed by incremental thermal 

demagnetization of IRM’s, induced along the orthogonal axes of a core. A field of 2.5T was 

applied along the sample Z-axis, followed by a second applied field of 0.5T along the 

sample Y-axis, and finally a 0.2T field along the sample X-axis. Thermal demagnetization 

was performed with a Schonstedt TSD-1 oven. 
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Low-field AMS (LF-AMS) was measured for the samples collected by Ihmlé et al. 

(1989) at room temperature with an AGICO KLY-2 Kappabridge, using a 15-measurement 

orientation scheme (Jelinek, 1978). High-field AMS (HF-AMS) was determined at room 

and low temperature (77K) using a torque magnetometer constructed at the LNM 

(Bergmüller et al., 1994). The torque of standard paleomagnetic cores (~11.4 cm3 cylinder) 

was measured in four different fields: 800, 1100, 1300 and 1500mT, and corrected for the 

holder signal. Three orthogonal measurement positions are required for each applied field. 

The procedure is repeated for each specimen at low temperature, i.e., submersed in liquid 

nitrogen, using the same fields as for the room temperature measurements (Schmidt et al., 

2007a). The resulting torque curves are used to define the HF-AMS at room and low 

temperatures. The ferromagnetic contribution to the AMS is initially removed (Martín-

Hernández and Hirt, 2001; 2004), and the temperature dependency of the paramagnetic 

minerals can subsequently be used for separation of the diamagnetic and paramagnetic sub-

fabrics. The increase in susceptibility measured at low temperature, compared to ambient 

temperature, known as the p-factor (Schmidt et al., 2007a), is due solely to paramagnetic 

minerals. For the purpose of the present investigation a p-factor of 13.3 is utilized, based on 

previous work with single crystals of calcite, where iron-substituted carbonates control the 

paramagnetic AMS (Schmidt et al., 2007b).  

Mathematically, the anisotropic susceptibility is expressed by a second-order tensor (k) 

with eigenvalues or principal susceptibilities, kmax ≥ kint ≥ kmin, which are geometrically 

represented by an ellipsoid. The susceptibility tensor (k) consists of the isotropic tensor 

component (kmeanE) and the deviatoric component (l) such that k = kmeanE + l (Jelinek, 

1985). The eigenvalues of the deviatoric tensor describe geometrically how much the 

ellipsoid differs from a sphere; they fulfil the property, lmax + lint + lmin = 0. The degree of 

deviation from a sphere is represented by the susceptibility difference, Δk = kmax – kmin. The 

shape factor (U-parameter), defined as U = (2kint-kmax-kmin)/(kmax-kmin), is used to define the 

shape of the susceptibility ellipsoid, with values ranging from U=1 for rotational oblate 

shape to U=-1 for rotational prolate shape (Jelinek, 1981). 

Microtexture descriptions for different locations within the nappe are based on 

petrographic thin section images (Fig. 2) and CPO measurements. Thin section images 

were acquired with a Nikon Optiphot — Pol, which was equipped with a Jenoptik ProgRes 
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C5 camera. The CPO of calcite a-axes, and inferred c-axes, from three selected locations 

within the root zone and overturned limb of the nappe are provided in this study, for 

comparison with the LF- and HFAMS results from the same locations. Texture 

measurements were determined with X-ray diffraction goniometry. The methods and 

samples discussed here were originally presented in the studies of Ihmlé et al. (1989) and 

Dietrich and Song (1984). 

3.1.4 Results 

3.1.4.1 Magnetic mineralogy 

In order to interpret the AMS and separate the magnetic sub-fabrics it is necessary to 

distinguish which ferri- and anti-ferromagnetic minerals are present in the investigated 

samples. In the Morcles Nappe samples there is a mixture of ferromagnetic minerals within 

and between sites. Four cases (type 1 to 4) are identified from IRM acquisition and cross-

component thermal demagnetization. Examples are shown in Figures 3.3 and 3.4. 

1) The first type of acquisition and demagnetization behavior is found only at site 

PM02 (Fig. 3.3 and 3.4a). IRM curves show an initial convex acquisition without 

saturation at 2.5T. All cross-components are thermally demagnetized between 

660°C and 680°C and display square-shouldered unblocking. Since the acquisition 

of remanence in soft and intermediate cross-components was not pronounced in the 

original acquisition curve, their presence suggests an anisotropic acquisition of IRM 

in the plane normal to the applied DC-field. The single unblocking temperature 

(TUB) at 680°C demonstrates that the only ferromagnetic phase present at site PM02 

is hematite. 

2) The majority of sites (PM01, PM03 and PM04) show a mixture of two magnetic 

phases, as represented by specimen PM0403A (Fig. 3.3 and 3.4b). The type 2 

behavior is characterized by a rapid acquisition of IRM in low fields that becomes 

slightly shallower at larger fields; however, saturation is not achieved at 2.5T. 

Thermal demagnetization of the cross-components indicates two specific TUB: the 

first occurs in the range 320-350°C and is noticeable in the magnetically hard and 

intermediate component, whereas the second is mainly evident in unblocking of the 
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hard component between 620°C and 680°C. The soft coercivity component shows a 

gradual decrease with unblocking at ~320°C and at 560-580°C, which suggests low 

coercivity pyrrhotite with traces of magnetite. The high coercivity phase with TUB at 

~680°C is indicative of hematite, whereas the lower coercivity, lower TUB likely 

reflects pyrrhotite and magnetite. 

3) In the third case, which is observed in site PM05, acquisition of IRM occurs in two 

steps, without reaching a saturation plateau at 2.5T, as is illustrated by specimen 

PM0501 (Fig. 3.3 and 3.4c). There is an initial steep increase in IRM at low fields, 

and the magnetization is saturated at ~0.1T before increasing again in fields >0.5T. 

The cross-components show a clear unblocking (square shoulder) of the hard 

remanence component, in the range 620-680°C, typical for hematite. The 

intermediate coercivity component behaves spuriously during demagnetization, but 

does indicate unblocking at 640-680°C. Finally, the soft component demagnetizes 

gradually, with TUB at ~520-540°C, and is most likely due to magnetite. The 

noticeable difference between case 2) and 3) is the lack of a TUB at 320C in the 

latter. 

4) This case illustrates the presence of more than two ferromagnetic phases, and occurs 

for example in sites PM07 and PM08 (e.g., specimen PM0808; Fig.3.3 and 3.4d). 

Rapid acquisition of IRM is displayed at initial low fields, with a rather sharp 

transition to a shallow acquisition curve at larger fields, approaching saturation. The 

soft and intermediate cross-components show unblocking temperatures at ~300-

320°C and ~580°C. In these components, the magnetization is likely carried by 

pyrrhotite and magnetite. The hard coercivity component is dominantly 

demagnetized between 640°C and 680°C, indicating hematite. 

In summary, the rock magnetic investigations from the sites sampled in the Morcles 

Nappe show that hematite and pyrrhotite are the main ferromagnetic minerals. Magnetite 

contributes in smaller amounts to the majority of specimens. Overall, a low concentration 

of ferromagnetic minerals (2.40x10-2 – 2.21 A/m) is inferred, based on the weak intensities 

from IRM acquired at 2.5T. The IRM acquired for specimen PM0201 (2.21 A/m) is 

significantly higher than at any other location and is attributed to the presence of hematite. 
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Figure 3.3 Normalized IRM acquisition for four representative specimens from the Morcles 
Nappe. The spontaneous magnetization at 2.5T (IRM2.5T) is provided for each specimen in the 
legend. 

3.1.4.2 Anisotropy of magnetic susceptibility 

LF-AMS is generally characterized by mixed oblate and triaxial ellipsoids whose 

orientation is controlled by the cleavage plane (Fig. 3.5). Sites PM02 and PM07 show a 

normal AMS fabric characterized by kmax directions that mainly lie close to the cleavage 

plane, whereas directions of kmin vary in these two locations. In PM07 the directions of 

kmin are oriented as the pole to cleavage, whereas in site PM02 they vary from nearly 

horizontal to nearly vertical. In contrast, sites PM01, PM04 and PM05 have an inverted 

relationship to the structural cleavage, with kmax directions oriented sub-parallel to the pole 

to cleavage and directions of kmin and kint close to the plane of cleavage. In the frontal 

portion of the limb (PM15), the LF-AMS appears to be loosely controlled by the bedding, 

with kmax axes near the bedding plane. Site PM03 and PM08 display a mixture of directions 

for the LF-AMS, where kmax axes are more of less associated with the cleavage. The 

stretching lineation does not appear to be significantly related to the distribution of 

principal directions of the LF-AMS ellipsoids for any site with the exception of PM04. 

Ellipsoids have varying shapes ranging from nearly prolate to nearly oblate (Fig. 3.6a).  
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Figure 3.4: Thermal demagnetization of orthogonal cross-component IRMs. The different 
coercivity intervals correspond to 1200mT ≥ z > 500mT, 500mT ≥ y > 200mT and x ≤ 200mT. 

Scatter of the shapes within sites is considerable, although the susceptibility difference (k 

= kmax-kmin) is rather uniform. The two sites that have normal fabrics (PM02 and PM07) 

also show substantially larger k, as well as bulk susceptibilities. 

High-field torque behavior is dominated by a 2 component at both room and low 

temperature (Fig. 3.7a, b). The amplitude of the 2 signal shows a linear dependency with 

field squared (B2) that intercepts with the origin (Fig. 3.7c, d; Table 3.1) for most samples, 

indicating a negligible contribution from ferrimagnetic phases (i.e., magnetite, pyrrhotite) 

to the magnetic anisotropy. The linear dependency degrades when the torque signal is 

weak, but the signal is still dominated by a 2 component. The increasing amplitude from 

room temperature (~6 J/m3) to low temperature (~100 J/m3) suggests that paramagnetic 

phases contribute strongly to the AMS (Fig. 3.7c, d). 



46 MAGNETIC FABRICS OF DEFORMED CARBONATE ROCKS 

 

N

N
N

N

N

N

5 km

aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa
aaaaaaaaaaaa

aaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa

Aiguilles Rouges

Massif

Root Zone

Ultrahelvetic

Nappes

Overturned
Limb

5

3 2 1

7

8

Normal
Limb

4

Diablerets-Gellihorn Nappe

Pm08

Pm07

Pm05

Pm04

Pm01

Pm02
Pm03

N

N

15

N

Pm15

 

Figure 3.5: Low-field AMS displayed on lower hemisphere equal area stereonets for sites in 
the Morcles Nappe, with directions of kmax shown by square symbols, kint by triangles and kmin 
by circles, in this and subsequent figures. Directions of AMS are shown in geographic 
coordinates. The plane of cleavage (bedding) is shown by a solid (dashed) great circle; the star 
represents the stretching lineation. 

Separation of the magnetic sub-fabrics was performed in three steps. Initially we 

evaluated whether antiferromagnetic hematite contributes to the total AMS, using the 

method outlined by Martín-Hernández and Hirt (2004). It was found that hematite does not 

contribute significantly to the AMS at any site, with the possible exception of site PM02. In 

the second step, the ferrimagnetic AMS was separated from the combined paramagnetic 

plus diamagnetic fractions, and in the final step the paramagnetic AMS was separated from 

the diamagnetic AMS. The ferrimagnetic component is small in the majority of samples 

from the root zone and overturned limb (<10%), and does not make a statistically 

significant contribution to the AMS (Table 3.2). In contrast, sites PM07, PM08 and PM15  
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Figure 3.6: Shape (U-parameter) displayed against susceptibility difference (Δk) for (a) low-
field AMS, (b) separated paramagnetic AMS and (c) separated diamagnetic AMS, for the sites 
of the Morcles Nappe. 
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Figure 3.7: Torque versus angle during measurement of specimen PM01 at (a) room 
temperature and (b) low temperature (77K). Torque is shown as a function of the square of 
the applied field (T) for (c) room temperature and (d) low temperature. 

 

Table 3.2: Paramagnetic and ferromagnetic percentage  
contributions to the torque signal.     
  %Paramagnetic %Ferromagnetic  

Sample location Mean SE Mean SE 
PM01 96.8 0.4 3.2 0.4 
PM02 90.0 4.9 10.0 4.9 
PM03 89.8 3.7 10.2 3.7 
PM04 96.7 0.6 4.0 0.7 
PM05 87.3 4.8 12.7 4.8 
PM07 48.8 6.9 51.2 6.9 
PM08 73.2 1.7 26.8 1.7 
PM15 78.2 2.4 21.8 2.4 
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exhibit a significant ferromagnetic (sensu lato) contribution to the AMS (Table 3.1), which 

complicates the isolation of the paramagnetic and diamagnetic sub-fabrics. The AMS of 

site PM02 is largely influenced by strongly paramagnetic chlorite. Separation of the 

diamagnetic sub-fabric was possible in sites PM08 and PM15, despite the significant 

contribution of ferromagnetic (sensu lato) minerals; it was not possible to separate the 

diamagnetic sub-fabric AMS in sites PM02 and PM07. 

The paramagnetic sub-fabrics from the overturned limb and root zone, excluding site 

PM02, show a tight grouping of kmax axes close to the pole to the average macroscopic 

cleavage (Fig. 3.8). The kint and kmin axes are grouped more loosely, close to the cleavage 

plane. In the normal limb (sites PM07 and PM08) directions of kmax are also grouped, 

although not as tightly as for sites within the root zone and overturned limb. However, for 

these sites the kmax directions are distributed close to the original bedding plane. Site PM15, 

located in the frontal portion of the nappe, shows that directions of kmax are near the 

intersection of the pressure solution plane (e.g. the bedding plane) and a jointing surface, 

with kint and kmin distributed in a plane normal to this direction. Shape ellipsoids with an 

inverted magnetic fabric are dominantly prolate, with the U-parameter approaching unity 

(rotational prolate) as the susceptibility difference (k) increases (Fig. 3.6b). 

The diamagnetic sub-fabric from sites within the root zone and overturned limb display 

similarly distributed magnetic fabrics as for the paramagnetic sub-fabric. However, in 

contrast the fabric is now normal, exhibiting directions of kmin that coincide with the pole to 

the average cleavage and directions of kmax and kint that lie near the plane of cleavage (Fig. 

3.8). Susceptibility ellipsoids are oblate, with greatest shape differences for sites with 

largest k (Fig. 3.6c). As ellipsoid shapes approach rotational oblate (U = 1) the values of 

k approach the single crystal value of calcite (Schmidt et al., 2006), for specimens that 

have experienced intensive strain within the root zone and overturned limb. The 

diamagnetic sub-fabric in the normal limb is controlled by the cleavage (PM08). In the 

frontal fold, site PM15, the principal directions show a relationship with the pressure 

solution surface, which coincides with the bedding plane. The kmax directions plot close to 

the pole to the pressure solution surface, with kint and kmin nearly parallel to this plane. 

Diamagnetic shape ellipsoids for the normal limb and frontal fold sites are close to neutral, 



50 MAGNETIC FABRICS OF DEFORMED CARBONATE ROCKS 

 

and k values are lower than those for the root zone and overturned limb (sites PM01 – 

PM05). 
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Figure 3.8: Lower hemisphere equal area stereonets showing paramagnetic AMS (white 
background) and diamagnetic AMS (grey background) for the investigated sites of the 
Morcles Nappe. The plane of cleavage (bedding) is shown by a solid (dashed) great circle; the 
star represents the stretching lineation. 

In sites where the diamagnetic separation was successful, the paramagnetic and 

diamagnetic principal directions are observed to be inverted. In particular, for sites PM01, 

03, 04 and 05, directions of paramagnetic kmax lie close to the pole to cleavage, whereas 

directions of diamagnetic kmax lie sub-parallel to the cleavage plane, effectively switching 

directions of kmax and kmin. Principal directions are more concentrated when compared with 

the corresponding axes from LF-AMS measurements. 

Observations of shape and susceptibility difference (k) from the paramagnetic and 

diamagnetic components are illustrated in Figure 3.6(b, c). Initially, it is apparent that the 
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majority of data from the paramagnetic component have prolate (-1 < U < 0) shape 

ellipsoids (Fig. 3.6b), in contrast to the majority of diamagnetic data, which show oblate (0 

< U < 1) shape ellipsoids (Fig. 3.6c). Only the paramagnetic shape ellipsoids are available 

for PM02 and PM07, since separation of the diamagnetic sub-fabric was unsuccessful. A 

general relationship between shape (U-parameter) and susceptibility difference (k) is 

recognizable in the separated sub-fabrics. With increasing Δk, the ellipsoid shapes 

approaches stronger prolate for the paramagnetic AMS or stronger oblate for the 

diamagnetic AMS.  

3.1.5 Discussion 

Low-field AMS results are similar to those observed by Ihmlé et al. (1989; Fig. 3.4) 

and support the conclusion that iron-substituted calcite controls the paramagnetic AMS for 

the root zone and overturned limb of the Morcles Nappe. The paramagnetic and 

diamagnetic sub-fabrics could be successfully separated in five out of the eight sites studied 

in the Morcles Nappe. The AMS at sites PM02 and PM07 is dominated by paramagnetic 

and ferromagnetic (sensu lato) phases respectively, so that it was not possible to isolate the 

diamagnetic sub-fabric. For site PM02, chlorite is likely responsible for the AMS at low-

field, with a possible contribution of hematite, although the influence of the latter mineral 

may be masked in the paramagnetic AMS due to its high coercivity. The AMS for PM07 is 

significantly controlled by ferrimagnetic minerals (Table 3.2), and the isolated 

paramagnetic sub-fabric for this location is different from the low-field AMS (see Figs. 3.5 

and 3.8). Directions of paramagnetic kmax are near horizontal; an orientation that coincides 

with the fold axis of the nappe structure and suggests that the paramagnetic AMS is 

directed by the deformation events that took place during nappe emplacement. The LF-

AMS is further influenced by the ferromagnetic mineralogy (sensu lato), which probably 

formed at a later stage in the nappe’s history (e.g. Kligfield and Channell, 1981). For PM08 

the LF-AMS appears to be closely related to the elongated axis of the oolites, whose dip 

with respect to bedding defines the cleavage plane (Fig. 3.2h). Low-field AMS at PM07 

and PM08 is normal, with directions of kmin close to the pole to average cleavage. 
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In the remainder of the sites (PM01, PM03 - PM05), the paramagnetic and diamagnetic 

sub-fabrics are both likely due to calcite. Ihmlé et al. (1989) demonstrated, using low-field 

measurements, that the c-axes of iron-substituted calcite align sub-parallel to the kmax 

directions, which corresponded to the poles to cleavage. Ferrous calcite is paramagnetic, 

with kmax oriented sub-parallel to the crystallographic c-axis, in contrast to other 

paramagnetic minerals that maintain their maximum susceptibility within the basal plane 

(e.g. phyllosilicates). This distinction is important, since paramagnetic minerals with basal 

plane easy-axis magnetizations will generally produce a normal magnetic fabric. Calcite 

that is lacking in Fe2+ ions (<400 ppm) is diamagnetic (Schmidt et al. 2006). It should be 

added that paramagnetic ferrous calcite, when Fe2+ > 400ppm, still maintains a diamagnetic 

moment although it is outweighed by the paramagnetic moment. Figure 3.9 shows the 

relationship between the diamagnetic kmin, corresponding to the maximum c-axes 

distribution for locations in the overturned limb (shear zone) and the root zone of the nappe. 

There is a slight offset between c-axis maxima and kmin axes in site PM01, which arises 

most likely because the pole-figure was not determined from the same sample as those of 

the AMS. It is here suggested that the substitution of Fe2+ in the calcite lattice produces the 

inverse magnetic anisotropy, displayed by the paramagnetic sub-fabric with maximum 

susceptibility axes oriented parallel to the preferred orientation of calcite c-axes, as has 

been previously implied by Ihmlé et al. (1989). 

(a) Inverse limb (PM01) (b) Root zone (PM04)
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Figure 3.9: Calcite a-axes pole figures, measured with XRD goniometry (redrawn from 
Dietrich and Song, 1984: fig. 3 and Ihmlé et al., 1989: fig 2), from a) the overturned limb (site 
PM01) and b) the root zone of the nappe (PM04). Contour intervals represents 0.2 times 
uniform, with the numerical value indicating maximum a-axis concentration times uniform. 
From the shaded grey area in each pole figure the maximum c-axis distribution can be 
inferred. Note that the pole-figures presented here are not measured from the same specimens 
as for the AMS, but in vicinity of the collected specimens. 
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The separated paramagnetic and diamagnetic fabrics from the root zone and overturned 

limb are associated with structural cleavage and stretching lineation. Directions of 

paramagnetic kmax position near the pole to cleavage, and effectively illustrate the 

alignment of c-axes in the iron-substituted carbonate lattices. Conversely, the minimum 

axes of susceptibility agree with the pole to cleavage for diamagnetic calcite. In site PM07 

the magnetic fabric due to the unresolved paramagnetic and diamagnetic phases has 

directions of kmax that lie within the cleavage plane, which would further imply that the 

mineral responsible for the paramagnetic sub-fabric is not iron-substituted calcite. 

As mentioned in the section above, a relationship appears to exist between the U-

parameter and k, for results observed in the root zone and overturned limb (PM01, PM03 

– PM05). With increasing k, the shape of the susceptibility ellipsoids approaches either 

rotational prolate (for paramagnetic phase) or rotational oblate (diamagnetic phase). Shape 

and susceptibility differences exhibit a relationship to deformation, with more deformed  

samples in the overturned limb and root zone of the nappe structure displaying larger k 

and more extremely shaped ellipsoids. Sites with low k show varied shapes, resulting 

from their weak anisotropy. The shape and susceptibility differences in Figure 3.6 (b, c) 

therefore appear to reflect the intensity of deformation, with the most intensely deformed 

specimens from site PM01 (largest values of k) approaching the single crystal value for 

calcite (Schmidt et al., 2006). A sketch is used in Figure 3.10 to illustrate the mixing of 

calcite and Fe-substituted calcite, for cases considering a single crystal and a hypothetical 

natural example with many crystals substituted with Fe2+. In a pure calcite crystal the 

ellipsoid shape is rotational oblate (U = 1), and k = 1.10x10-6 SI (Schmidt et al., 2006). As 

the amount of Fe in the calcite crystal increases, the shape of the susceptibility ellipsoid 

will switch instantaneously when k = 0, (kmax = kint = kmin), and the shape of the 

susceptibility ellipsoid becomes prolate with U = -1 and kmax > kint = kmin. Any further 

increase in iron-content leads to increasing k, but the shape remains U = -1. Note that in a 

rock composed of a mixture of calcite and Fe-substituted calcite, the texture may play an 

important role determining the shape of the susceptibility ellipsoid, as mentioned 

previously. For example, when the CPO is triaxial (e.g. orthorhombic or monoclinic 

symmetry), the AMS will also be triaxial, no matter how much Fe2+ is added to the calcite. 
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The combined dia- and paramagnetic AMS, in this case is complicated and therefore the 

separation of the sub-fabrics and the distinction of the diamagnetic AMS enables a more 

straight-forward relationship between AMS and CPO, since the diamagnetic AMS is 

independent of the iron-content and directly reflects the CPO of calcite. 
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Figure 3.10: Simplified sketch illustrating ellipsoid shape (U-parameter) versus the 
susceptibility difference for the sum of diamagnetic and paramagnetic susceptibilities , as the 
amount of ferrous calcite is varied. Single-crystal calcite has an oblate shape ellipsoid, which 
changes abruptly to a prolate ellipsoid when enough Fe2+ is incorporated in the crystal, and 
the susceptibility difference transitions through zero. The susceptibility difference increases as 
the more Fe2+ is included in the crystal, although the ellipsoid shape remains the same. In 
natural samples the change is not abrupt, but rather approach single crystal values, due to the 
imperfect distribution of the CPO in a rock. 

Within the root zone and overturned limb of the fold the separated sub-fabrics display a 

distinct triaxial symmetry of the principal directions of the AMS ellipsoid (Fig. 3.8): the 

question is open as to what is the origin of the developed diamagnetic fabric. In the case of 

a calcite texture with perfect alignment of all c-axes an oblate rotational symmetric fabric 

would be expected (e.g. equivalent to single-crystal calcite). For site PM01 the diamagnetic 

shape-parameter is closest to rotational oblate (Fig. 3.7c), reflecting the intense shearing in 

the root zone, as is also seen in the calcite texture (Fig. 3.9a). In sample locations PM03 – 

PM05 the shape-parameter is not as strongly oblate as for PM01. This suggests that the 

deformation in sites external from the root zone (i.e. PM03 – PM05) is not as strong as for 



 

 

55 3.1.5 Discussion 

site PM01. Further work is needed to confirm this observation. The progressive 

development of a strong uniaxial magnetic fabric and calcite texture has been observed by 

de Wall et al. (2000) and Bestmann et al. (2000) in sheared marble ultra-mylonites from 

Thassos, Greece. Dietrich (1986) noted that the second phase of folding influenced the 

micro-fabric of the SE portions of the nappe, which led to the development of strong 

crystallographic a-maxima of calcite, with a-axes lying in a great circle sub-parallel to the 

shear plane. The triaxial symmetry seen in the magnetic fabric reflects the mineral textures 

that evolved as a consequence of the deformation of this latter folding event. It is 

interesting to note that in laboratory settings, the development of textures with monoclinic 

and orthorhombic (triaxial) symmetry has been demonstrated for experimental deformation 

of calcite marbles at large shear strains (γ > 5) using torsion (Barnhoorn et al., 2004; Pieri 

et al., 2001; Casey et al., 1998). The maximum finite strains measured in the Morcles 

Nappe are γ > 17 (Durney, 1972) or γ > 20 (Dietrich, 1989), corresponding to ratios of the 

long and short axes (X:Z) of the finite strain ellipsoid between 300 and 400. Temperatures 

and strain-rates experienced in the Morcles Nappe are lower than those for the experimental 

shear zones produced by Barnhoorn et al. (2004) and Pieri et al. (2001). Nevertheless, 

dynamic recrystallization is pronounced in both the naturally and experimentally deformed 

calcites. The consequent triaxial texture symmetry is likely responsible for the AMS that 

has developed in the root zone and overturned limb of the fold. Ebert et al. (2007; cf. fig. 

13) noted that the most important factors for the developing microstructure in the 

overturned limb (shear zone) of the Morcles Nappe are the interrelated extrinsic strain and 

temperature conditions, as well as the intrinsic parameter of variable amounts of secondary 

phases (e.g. phyllosilicates). Both of these factors will affect the mechanisms of grain 

deformation and ultimately texture development, which in turn should be seen by the AMS. 

At lower temperature and pressure conditions, such as experienced in the normal limb and 

frontal fold, dynamic recrystallization due to plastic deformation is less pronounced and 

pressure solution represents the dominant mechanism of deformation; brittle deformation is 

more active under these conditions, as is seen from stylolitization observed at site PM15. 

The conditions experienced in the normal limb and frontal folds of the nappe structure 

correspond to a less well-developed AMS in sites PM07, PM08 and PM15. 
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3.1.6 Conclusions 

The magnetic sub-fabrics of rocks from the Morcles Nappe have been successfully 

separated in samples where large shear-strain is apparent; the intense deformation 

accentuates AMS susceptibility ellipsoids for diamagnetic and paramagnetic minerals. 

Susceptibility ellipsoids for the separated AMS from the less deformed part of the Nappe 

display a clear relationship with the structural fabric from the first phase of folding. For the 

high-strain part of the nappe we suggest a relationship with the second phase of folding, 

responsible for the micro-fabric development. The kmax directions of the separated 

paramagnetic anisotropy cluster not quite parallel to the pole to structural cleavage, 

reflecting the effect that iron-substituted calcite preferably aligns their maximum 

susceptibility directions parallel to the fabric c-axis, i.e., at an angle to the pole to the 

cleavage, as observed by Ihmlé et al. (1989). Directions of kmin for the diamagnetic sub-

fabric in the root zone and overturned limb indicate similarly that c-axes of calcite crystals 

orient at a slight angle to the pole to cleavage, suggesting that the second phase deformation 

event, which took place mainly in the root zone and overturned limb of the nappe, and 

which is responsible for the grain shape fabric and the CPO, has influenced the principal 

directions of the AMS. 

The texture intensity is observed from the k and U-parameter; k is largest for the 

diamagnetic and paramagnetic AMS in the more deformed root zone of the Nappe, whereas 

it is smaller for samples of the normal limb and frontal fold. It is argued here that the 

separated paramagnetic and diamagnetic AMS reflect the second phase of folding of the SE 

Morcles Nappe, evidenced through the development of a texture with triaxial symmetry. 

Although the challenge of separating magnetic sub-fabrics persists, it has here been shown 

that using the methods developed by Martín-Hernández and Hirt (2001) and Schmidt et al. 

(2007a, b) it is possible to isolate the diamagnetic fabric in naturally deformed carbonates. 

The possibility of isolation of AMS sub-fabrics, due to individual minerals such as calcite, 

illustrates that the relationship between magnetic susceptibility and strain can be addressed 

quantitatively. 
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3.2 Magnetic susceptibility as a tool to study deformed calcite with variable 
impurity content 

Bjarne S. G. Almqvist, Marco Herwegh, Volkmar Schmidt, Thomas Pettke, Ann M. Hirt  
Published in: Geochemistry, Geophysics Geosystems, 11, Q01Z09, doi:10.1029/2009 GC002900. 

3.2.1 Summary 

A set of calcite mylonites were systematically sampled along the basal shear zone of 

the Morcles Nappe, located in the southwestern Swiss Alps, to investigate the relationship 

among crystallographic preferred orientation (CPO), chemistry and anisotropy of magnetic 

susceptibility (AMS). Second-phase minerals are 10 vol% of the rock. The substitution of 

trace impurities for Ca in the calcite crystal lattice, in particular Fe, Mn, Mg and Sr, varies 

among the samples with total values ranging from 1450 ± 190 ppm in the most pure 

sample, to 2450  320 ppm for the most impure sample. Fe shows the largest variation 

among the sample group and varies by a factor of nearly four from the purest (230 ± 30 

ppm) to the most impure sample (840  110 ppm). All samples have negative bulk 

susceptibility and the concentration of ferromagnetic (s.l.) phases is very low. A correlation 

is identified between trace element chemistry, CPO of calcite, and the magnetic 

susceptibility. The bulk susceptibility and the anisotropy of magnetic susceptibility (AMS) 

vary systematically with Fe and Mn elemental concentration in the matrix calcite, and this 

variation is apparent for the entire length of the shear zone. A simple model that takes into 

account the CPO and trace element chemistry is used to explain the resulting bulk 

susceptibility and AMS. Calcite mylonites and marbles from other locations fit the model, 

indicative of a general relationship between CPO, chemistry and AMS in calcites where 

second-phase minerals are sparse. For lithologies that are dominated magnetically by 

calcite, with a deficiency of secondary phases, magnetic susceptibility can be used to 

rapidly screen rock samples for the variation of paramagnetic trace elements Fe and Mn, 

and CPO, which can then be used for detailed microfabric studies. 
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3.2.2 Introduction 

Strain observed in tectonic and orogenic settings tends to localize in shear zones, 

commonly in weak lithologies such as carbonates (Heitzmann, 1987; van der Pluijm, 1991; 

Kennedy et al., 1998, 2001; Bestmann et al., 2000; Ebert et al., 2007; Austin et al., 2008; 

Herwegh et al., 2008). Several factors are important for the development of rock 

microfabrics, including strain, strain rate, stress, temperature, the mode and mechanism of 

deformation. Another important factor that influences the deformation processes, as has 

been shown in carbonate rocks, is the second-phase content (Olgaard and Evans, 1986, 

1988; Herwegh et al., 2005; Ebert et al., 2007; Herwegh and Berger, 2004;) and the 

presence and amount of chemical impurities (e.g., Freund et al., 2001, 2004; Herwegh et 

al., 2003; Xu et al., 2009). Chemical impurities are defined here as cations that substitute 

for the calcite cation in the carbonate crystal lattice (i.e., iron-substituted calcite), whereas 

second phases refer to mineral species other than calcite, following common convention in 

the rock deformation community (e.g., Olgaard and Evans, 1986; Herwegh and Kunze, 

2002). Bulk magnetic susceptibility and anisotropy of magnetic susceptibility (AMS) are 

direct results of these factors, similar to the development of the crystallographic preferred 

orientation (CPO). 

The AMS is a product of the superposition of individual minerals’ crystallographic 

preferred orientation and shape preferred orientation (SPO) in a rock and therefore is a 

commonly applied petrophysical tool used to infer the petrofabric of a rock. Although AMS 

has long been recognized as successful in detecting petrofabrics (cf., Ising, 1942; Graham, 

1954; 1966; Kligfield, 1977; Hrouda, 1982; Borradaile and Henry, 1997), new questions 

and problems have arisen as the development of the method has progressed. Examples 

include the cause of inverse magnetic fabrics, e.g., from single-domain magnetite, or some 

paramagnetic minerals (Potter and Stephenson, 1988; Rochette et al., 1992), or the 

frequency and field dependence of ferromagnetic mineralogies (deWall and Worm, 1993; 

Jackson et al., 1998; Hrouda, 2002). The measured AMS is the sum of contributions from 

all mineral phases within the sample volume and the challenge becomes to determine their 

respective quantitative contributions to the overall magnetic fabric (e.g. Rochette et al., 

1992). Obtaining the quantitative contribution of a specific mineral is of interest, for 

example, when relating AMS to the petrofabric or texture strength (CPO). Several AMS 



 

 

59 3.2.2 Introduction 

techniques attempt the separation of individual mineral contributions (c.f., Martín-

Hernández and Ferré, 2007). In addition the use of the anisotropy of remanent 

magnetization can be used to determine the anisotropy due to ferromagnetic minerals 

(McCabe et al., 1985; Jackson et al., 1991). When several mineral species are present in a 

rock, the resulting AMS commonly produce intermediate magnetic fabrics or mix of 

magnetic anisotropies, leading to a complex relationship between petrofabric and AMS 

(Rochette, 1987; Potter and Stephenson, 1988; Rochette et al., 1999; Ferré, 2002). 

The magnitude or degree of AMS can be expressed as the ratio or difference between 

the axes of maximum and minimum susceptibility (e.g., Nagata, 1961; Owens, 1974). A 

pure single-crystal of calcite is diamagnetic and has a susceptibility of -12.82×10-6 SI (-

4.73×10-9 m3/kg) parallel to its crystallographic c-axis and -11.71×10-6 SI (-4.32×10-9 

m3/kg) in the plane of the crystal a-axes (Schmidt et al., 2006); the average bulk 

susceptibility of calcite is -12.09×10-6 SI (-4.46×10-9 m3/kg). Hence, in an aggregate of pure 

calcite crystals, the AMS corresponds to the strength of the CPO (e.g., Owens and Rutter, 

1978; deWall et al., 2000; Schmidt et al., 2009). The AMS of a bulk diamagnetic sample is, 

however, strongly influenced by impurities and second-phase minerals. These occur as 

solid solutions of paramagnetic cations in the crystal lattice or as minor amounts of 

paramagnetic and ferromagnetic (sensu lato) phases. The effect of iron and manganese has 

been observed in single crystals and natural rocks where calcite constitutes the matrix 

mineral and the amount of other second phases is small (Rochette et al., 1988; Ihmlé et al, 

1989; Schmidt et al., 2006, 2007a, 2007b; Almqvist et al., 2009). 

This study aims to illustrate the importance of chemical composition and 

crystallographic preferred orientation for describing the resulting AMS in carbonate-rich 

rocks. The magnetic susceptibility and its anisotropy, in return, provide a sensitive proxy 

for paramagnetic trace elements (Fe and Mn) and the CPO. The relationship between AMS, 

texture measurements and chemical composition is explored for a series of calcite mylonite 

samples from the basal shear zone of the Morcles Nappe located in southwestern 

Switzerland (Ramsay, 1981; Durney, 1972; Dietrich and Song, 1984; Ebert et al., 2007; 

Austin et al., 2008). The role of chemical impurities on rheological properties in calcite 

rocks is addressed. 
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3.2.3 Samples and Methods 

3.2.3.1 Samples 

A set of samples were taken from white and light-gray calcite mylonites, which in the 

literature are referred to as white and grey Urgonian, of Aptian–Albian age (Stampfli, 2001; 

Föllmi and Gainon, 2008), at five locations along the basal thrust of the Morcles Nappe in 

southwestern Switzerland (Fig. 3.11). These calcites have experienced lower greenschist 

facies metamorphism, during which they achieved steady-state dynamic recrystallization, 

with shear strain (γ) greater than 17 (Durney, 1972; Frey et al., 1980; Dietrich, 1989; Ebert 

et al., 2007). Shear strain is defined as γ = tan Ψ, where Ψ is the angle of rotation for a line 

that is oriented normal (vertical) to the horizontal plane prior to deformation, and the 

orientation of the same line subsequent to shear deformation (Hatcher, 1995). The gray 

colour results from small amounts of nano-sized organic matter (Herwegh and Kunze, 

2002). Secondary phase minerals make up < 10 vol% of the sample’s total volume, and 

include phyllosilicates, quartz, dolomite and chlorite (Ebert et al., 2007). The intensity of 

deformation, as inferred from the CPO strength and microstructures, varies considerably 

across (Austin et al., 2008), and along (Ebert et al., 2007) the shear zone. Core specimens 

with a diameter of 25.4 mm and 22 mm height were drilled from block samples in the 

laboratory using a diamond drill bit. 

3.2.3.2 Anisotropy of magnetic susceptibility 

The low-field (LF) magnetic anisotropy was determined with the Agico KLY-4 and 

KLY-3 Kappabridges, using a 300 A/m alternating field with 875 Hz measurement 

frequency. All bulk susceptibility measurements were performed at room temperature. 

High-field (HF) measurements were carried out with a torsion magnetometer, which 

determines the deviatoric AMS (Bergmüller et al., 1994). HF measurements were 

performed at room temperature and at 77 K (cf., Schmidt et al. 2007a). Magnetic 

susceptibility (k) is a physical rock property, which is mathematically described by a 

second rank tensor, and whose eigenvalues can be used to represent the principal axes of a 

susceptibility ellipsoid, defined by k1 ≥ k2 ≥ k3. The parameter used to describe the degree 

of anisotropy is given by Δk = k1–k3, where k1 and k3 are the maximum and minimum 
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magnetic susceptibilities, respectively. Technically, high-field measurements determine the 

deviatoric susceptibility, which describes the deviation of the susceptibility ellipsoid from a 

sphere (Stacey, 1960). It is therefore not possible to use the conventional P or Pj (Nagata, 

1961; Jelinek, 1981) parameters to describe the degree of anisotropy for high-field 

measurements. However, k is still valid in this case, since it is not dependent on the size 

of the magnetic susceptibility, but rather on the deviation from the average susceptibility 

(e.g., Owens, 1974; Owens and Rutter, 1978; Schmidt et al., 2006). We define the principal 

susceptibility axes of calcite, being diamagnetic, with k1 having the least negative value 

(smallest absolute value) and k3 having the most negative value (largest absolute value; 

Hrouda, 2004; Schmidt et al., 2006). This leads to a calcite single-crystal AMS with 

rotational oblate shape-ellipsoid. 
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Figure 3.11: Cross-section map showing the five sampling locations along the shear zone, 
together with an inset map with the location of the Morcles Nappe. The numbers represent 
the sampling locations: 1. LQ, 2. UQ, 3. LC, 4. Dent. The sampling location referred to as 
Martigny in subsequent figures, represents the root zone of the nappe. It was displaced after 
faulting along the Rhône-Simplon line. This figure is modified after Escher et al. (1993) and 
Ebert et al. (2007). 

3.2.3.3 Texture measurements 

Texture measurements were made using a Zeiss Evo 50XVP scanning electron 

microscope (SEM) equipped with a Digi View II electron backscatter diffraction (EBSD) 

camera and the OIM data acquisition software (Ametek, TSL). Working conditions for the 
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SEM were set to a 20 kV acceleration voltage and a beam current of 10nA, with varying 

working distances ranging from 9.0 mm to 19.5 mm and the sample stage tilted by 70°. The 

acquisition of EBSD patterns under low vacuum conditions (10 Pa) allowed the use of non-

coated and therefore non-conducting sample surfaces. The acquisition of EBSD patterns is 

automated, with a 15 μm step size over a 1600  1600 μm sample area. The collected data 

were processed with the OIM 5.3 orientation imaging microscopy software package from 

Ametek/TSL. Only data points measured with a confidence index  0.1 were used for 

further data analysis. Texture pole figure plots were produced using the PF_PC software 

(D. Mainprice, pers.comm., 2009). Texture strength is given by the J-index (e.g., Bunge, 

1982) and the M-index (Skemer et al., 2005). The J-index is based on a spherical harmonics 

series expansion of the orientation distribution function (ODF), and ranges from unity, 

representing a random fabric, to infinity, which represents the fabric of a single crystal. The 

M-index is defined by the difference of uncorrelated misorientation angles of grains in the 

measured sample, to the uncorrelated misorientation angles of a theoretical random 

distribution of the same mineral. The larger the difference is between the two sets of 

misorientation angles, the stronger is the texture. The M-index varies from zero, in the case 

of a random fabric, to one in the case of a single crystal fabric. 

3.2.3.4 Chemical composition 

Element concentration measurements were performed on selected samples using laser 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), at the Institute of 

Geological Sciences, University of Bern, Switzerland. A Geolas 193 nm ArF excimer laser 

system was used for the ablation, in combination with an ELAN DRC-e quadrupole ICP-

MS, run at conditions similar to those reported in Pettke (2008). Samples were prepared as 

petrographic thin sections, with thicknesses around 100 μm, so as to allow sufficient time 

for the laser to ablate material during measurements lasting up to 60 s; laser spot diameter 

sizes ranged from 24 um to 44 um. External calibration was done using NIST SRM612 

measurements bracketing up to 16 unknowns, allowing for drift correction and the 

quantification of element concentrations was done by internal standardization to the 

abundance of Ca. Data reduction was performed with Lamtrace (Jackson, 2008). 
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3.2.4 Results 

3.2.4.1 Anisotropy of magnetic susceptibility 

Figure 3.12a shows the LF-AMS for the set of calcite mylonites. All specimens have 

diamagnetic bulk susceptibilities, ranging from -12.96×10-6 to -0.76×10-6 SI. The values of 

Δk vary from 0.41×10-7 to 8.03×10-7 SI and the plot of Δk against bulk susceptibility is V-

shaped, with Δk having the lowest values for bulk susceptibilities between -6.78×10-6 and -

9.49×10-6 SI. The deviatoric susceptibility, measured in high fields at room temperature, is 

shown in Figure 3.12b as a function of bulk susceptibility. A V-shape is also evident in the 

high-field data, with low Δk values in a similar range of bulk susceptibility as for the low-

field data. A subtle feature displayed by both the LF and HF AMS data (Fig. 3.12a, b) is 

that k has two points of minimum values along the axis of bulk susceptibility; one 

minimum is found around -9.5 to -9.8×10-6 SI, whereas a second minimum is displaced 

slightly to the right, at -8.1×10-6 SI. The k values measured at 77 K display a linear trend 

when plotted against the room temperature bulk susceptibility (Fig 3.12c), with k 

increasing as the bulk susceptibility approaches zero. The orientation of the principal 

susceptibility axes are shown in Figure 3.13, for room temperature (HF and LF) and 77 K 

measurements. At room temperature the principal axes varies with respect to the foliation 

plane (being horizontal in Fig. 3.13), and the maximum and minimum susceptibility are 

oriented either normal to the foliation or in the foliation plane depending on the sample. At 

77 K all samples have a similar distribution of the principal axes, with k1 is oriented normal 

to the foliation and k3 in the plane of the foliation, in agreement with iron-rich calcite 

dominating the AMS at 77 K. A list of data is provided in appendix B. 

3.2.4.2 Texture analysis 

Five specimens of gray Urgonian were selected for texture measurements with EBSD, 

based on their variation in bulk susceptibility and k (Fig. 3.14a). Each of these specimens 

was drilled from a different hand sample, but they were collected within 10 m of one 

another and from the same lithological layer in the same outcrop. A summary of the texture 

data from EBSD analysis is presented in Table 3.3. The (001) pole figures display a c-axis 

concentration normal to the foliation plane (Fig. 3.14b-f) for all specimens whereas a-axes 
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(not plotted) show a girdled distribution within the plane of foliation. The J-, M-, and 

MUDc indices are consistent with one another for each of the five investigated specimens, 

with highest CPO strength for specimen UQ0801, and lowest CPO strength for UQ0202B. 
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Figure 3.12: The susceptibility difference (k) plotted as a function of bulk susceptibility for 
(a) LF-AMS, (b) HF-AMS at room temperature and (c) HF- AMS at 77 K. The legend in each 
figure indicates from which location along the shear zone the specimens originate.  



 

 

65 3.2.4 Results 

 

 

HF AMS (Room temperature)
LF AMS

HF AMS (77 K)

90270

180

360 UQ1001

90270

180

360 UQ0101A

90270

180

360 UQ1102C

90270

180

360 UQ0202B

90270

180

360 UQ0801

 

Figure 3.13: Equal-area projections with axes of maximum (squares), intermediate (triangles) 
and minimum (circles) susceptibility, for five specimens that were selected for EBSD texture 
measurements. The edge of the stereonet represents the plane of specimen foliation, and the 
center of the stereonet is the normal to the foliation plane. Principal axes are shown for LF-
AMS (green symbols), room temperature HF-AMS (red symbols), and HF-AMS at 77 K (blue 
symbols). 
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Figure 3.14: The susceptibility difference (k) as a function of bulk susceptibility is shown in 
(a) for five specimens that were selected for EBSD texture measurements; the number next to 
each letter in the figure indicates the amount of Fe in ppm, obtained from LA-ICP-MS. (b-f) 
texture results for five specimens from the gray Urgonian, collected from the Upper Quarry 
location in the shear zone. In (b-f) the z-axis represents the normal to the foliation plane, and 
the x-axis represents the axis of mineral lineation; the square (circle) represents the maximum 
(minimum) clustering of crystal c-axes. The data is smoothed with a Gaussian fit of 8.5° half-
width and presented in equal area, lower hemisphere projections with contours of multiples of 
uniform distributions (MUDc) for the crystal c-axis; each contour represent 0.5 MUDc, except 
for specimen UQ0801 where each contour represents 1.0 MUDc. N is the number of discrete 
Euler angle data points used for the pole figure calculation; J is the J-index (e.g., Bunge, 
1982); M is the M-index (Skemer et al., 2005). 
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3.2.4.3 Chemical composition 

Four of the five specimens used for texture analysis (UQ0101A, UQ0801, UQ1001, 

and UQ1102C) were analyzed for their elemental composition with LA-ICP-MS. The 

complete results of the measurements are provided in Table 3.4, and the Fe and Mn results 

are also summarized in Table 3.3. Thin sections used for laser ablation were prepared from 

the same specimen as those used for texture analysis. The thin sections were dominantly 

made up of fine-grained recrystallized calcite matrix, with dispersed fragments of fossils 

(Echinodermata phylum) which have resisted recrystallization during deformation. The 

chemical composition of individual grains of the matrix calcite was possible (Tables 3.3 

and 3.4), but since the calcite grains are small the analysis commonly extended across grain 

boundaries. This sometimes lead to the signal being influenced by small second phases, not 

visible under the microscope, located at the calcite grain boundaries. Second-phase 

minerals were checked for aluminum by careful signal inspection, and the part of the signal 

containing elevated aluminum was removed from any further data analysis. In each thin 

section selected fossils were also targeted and measured with the LA-ICP-MS (Table 3.4; 

Fig. 3.15). 

The recrystallized calcite matrix displays a variation in the concentration of Fe and Mn, 

being lowest in specimen UQ1001 (230 ppm Fe; 23 ppm Mn) and highest for specimen 

UQ0801 (840 ppm Fe; 48 ppm Mn). In general, the Fe concentration of the matrix is about 

10–20 times larger than the Mn concentration. Mg and Sr also display systematic variations 

in accordance with the variations of Fe and Mn, between the different specimens (Table 

3.4). In contrast, the amount of Fe and Mn in the echinoderms is more consistent between 

specimens (160–240 ppm Fe; 23–45 ppm Mn), but again with a greater amount of Fe 

compared to Mn. The Mg concentration is similar for the matrix and echinoderm 

fragments, and it is difficult to make a distinction between them based on the Mg. The Sr 

concentration is consistently higher in the echinoderm fragments, compared to the calcite 

matrix. Other elements are present in sub ppm concentrations and show slight enrichment 

in the echinoderms compared to the matrix. Specimen UQ0801 has consistently the highest 

impurity content and also the largest number of echinoderm fragments (identified from  
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a) UQ0101A b) UQ0801A

 
Figure 3.15: Thin section image in plane-polarized light of echinoderm fragments, embedded 
in the fine-grained recrystallized calcite matrix of specimens (a) UQ0101A and (b) UQ0801A. 

counting in thin section), whereas specimen UQ1001 shows the least amount of impurities 

and coincides with the smallest number of echinoderms. 

 

3.2.5 Discussion 

3.2.5.1 The relationship among CPO, chemical composition and AMS 

The susceptibility and AMS together with the texture and chemical data, presented in 

the previous section, can be explained by looking among their relationships. From this 

viewpoint we seek to explain the results as a consequence of (1) the influence of Fe2+ and 

Mn2+ on bulk susceptibility, which provides a connection between the chemical data and 

the bulk susceptibility, (2) the influence of Fe2+ on the magnetic anisotropy, which, together 

with the magnetic anisotropy that is due to the diamagnetic calcite explains the V-shape 

identified in the data, and (3) the influence of the CPO, which determines the steepness or 

angle of the “V”. These three arguments are elaborated below.  

In the calcite crystal lattice, the calcium cation is commonly substituted by elements 

that fit its position in the molecule. With this respect, most prominent in carbonate rocks is 

the temperature dependent solid-solution exchange between Ca2+ and Mg2+ (e.g., 

Goldsmith and Newton, 1969; Anovitz and Essene, 1987). The most important elements 

with respect to the magnetic susceptibility, however, are Fe2+ and Mn2+, whereas Mg2+ has 

only a very limited effect on the magnetic susceptibility. In contrast to Mn2+, divalent iron 
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cations have positive paramagnetic spin moments that align preferentially along the 

crystallographic c-axis. Divalent manganese has a larger susceptibility than iron, but is 

considerably less anisotropic, as shown by a comparison of the magnetic anisotropy for 

single crystals of the Mn-carbonate rhodochrosite and Fe-carbonate siderite (Krishnan and 

Banarjee, 1938; Schmidt et al., 2007b). In addition the k1 axis of the manganese 

susceptibility ellipsoid is preferentially oriented parallel to the basal plane of the crystal 

lattice, rather than parallel to the c-axis as for iron (Schmidt et al., 2007b). 

The anisotropy of a carbonate crystal or carbonate rock will depend on the amount of 

paramagnetic cations substituting for calcium, whereby a greater anisotropy is expected as 

the amount of paramagnetic cations increases. Schmidt et al. (2006) determined an 

empirical relationship for the paramagnetic susceptibility difference, i.e., the absolute 

difference between maximum (k1) and minimum susceptibility (k3) axes (Δk = |k1–k3|), 

based on the iron concentration in calcite single crystals, in which 

 

  Δkpara = Fe-content (ppm) × (1±0.1) × 10-12 (m3/kg/ppm)  (3.1). 

 

This relationship holds for amounts of iron in the range 500–10,000 ppm (Schmidt et al., 

2006). Iron-rich calcite has an inverse magnetic fabric (Jacobs, 1963; Rochette et al., 1988), 

where the k1-axis coincides with the c-axis of the calcite’s crystal lattice. The calcite 

mylonites display CPO with c-axes clustered perpendicular to the foliation and a-axes 

distributed around a great circle sub-parallel to the main foliation. This is common in 

calcite mylonites deformed under greenschist facies (e.g., Bestmann et al. 2000, Ebert et al. 

2007). In terms of magnetic anisotropy, the inverse magnetic fabric due to iron in the 

carbonate crystal lattice will therefore add linearly and oppositely to the magnetic 

anisotropy of a pure calcium carbonate. A pure calcium carbonate, composed of an 

aggregate of calcite crystals as defined in the introduction, is diamagnetic (i.e., its induced 

magnetization arises from the electrons orbiting the nucleus) and has an oblate-shape 

magnetic ellipsoid, with its maximum susceptibility in the plane containing the 

crystallographic a-axes, and the minimum susceptibility is parallel to the c-axis. In a 

geological sample of pure calcite, the minimum susceptibility is usually perpendicular to 

the foliation, with the maximum susceptibility in the foliation plane. A mixture of a normal 
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magnetic fabric, arising from the diamagnetic calcite, and an inverse magnetic fabric from 

iron-rich calcite produces an intermediate magnetic fabric, which cannot be simply related 

to strain (Rochette et al., 1999; Ferré, 2002). The continuous addition of Fe gradually 

reduces the anisotropy of the diamagnetic calcite, until the anisotropy becomes dominated 

by the paramagnetic Fe-substitution. Schmidt et al. (2006) have shown that the transition 

from diamagnetic to paramagnetic dominated anisotropy occurs at an average Fe-

concentration of 400 ppm at room temperature, based on a suite of calcite single crystals 

with varying trace-concentrations of Fe2+. At 77 K the transition occurs at substantially 

lower iron concentrations – 150 ppm according to Schmidt et al. (2007b) – as a 

consequence of increased interaction among the paramagnetic Fe2+. A switch from 

diamagnetic-dominated to paramagnetic-dominated anisotropy is supported by the 

inversion of the principal axes, shown in Figure 3.13 (also seen in the change of shape of 

the susceptibility ellipsoid in Table 3.3). Samples with an Fe content higher than 400 ppm 

have their k1 axis oriented normal to the foliation, whereas samples with less than 400 ppm 

Fe have the k3 axis oriented normal to the foliation plane. At 77 K the transition to a 

paramagnetic dominated anisotropy occurs at lower Fe concentrations, which is apparent by 

the AMS orientations in Figure 3.13 with k1 oriented normal to the foliation for all samples. 

The increase in bulk susceptibility as a function of addition of Fe (and Mn) is linear as 

demonstrated by Figure 3.16, both for the matrix and the echinoderm fragments. The 

contribution of manganese to the slope of the linear fit is minor for the matrix. From Figure 

3.16 it is also possible to see that the regression lines have intercepts with the y-axis (i.e., 

no Fe or Mn impurities) that are close to the bulk susceptibility of pure calcite. 

Owens and Rutter (1978) demonstrated that pure calcites that were deformed 

experimentally showed a linear correlation between the optically determined CPO and k. 

It is evident from Figure 3.12 that the variation in AMS is related to combined effects of the 

CPO and paramagnetic impurity content. For instance, specimens in Figure 3.14b-d have 

similar texture strength, but their k varies significantly. At 77 K, k of the calcite 

mylonites increases greatly, in some cases by a factor greater than 300 (Fig. 3.12c), when 

compared with HF-AMS at room temperature. 
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k as a function of texture strength has been demonstrated to be linear in synthetic 

aggregates of calcite and muscovite mixtures (Schmidt et al., 2009). If we consider a single  
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Figure 3.16: The bulk magnetic susceptibility as a function of Fe + Mn trace element content 
(ppm), measured for the calcite mylonite matrix. 

crystal of calcite with Δk = 1.10×10-6 SI (Schmidt et al., 2006), and add paramagnetic Fe2+-

cations according to the relationship described in equation [1], the mixture of paramagnetic 

and diamagnetic Δk will display a V-shaped data set with varying amount of Fe2+ (Fig. 

3.17a), due to the opposition of their respective anisotropies. A calcite crystal with ~400 

ppm Fe2+ substitution is magnetically nearly isotropic, because Δkpara and Δkdia have a 

similar magnitude and, therefore, cancel out each other. A further increase in the Fe-

content, beyond 400 ppm, produces an AMS that is controlled by Δkpara resulting in an 

increase in Δk. A simple model can be constructed that considers the CPO and Fe-

chemistry in a calcite rock. The texture strength can be represented by a value ranging from 

unity for the single crystal case or perfect alignment of all crystals, to zero in the case of a 

random texture. A convenient parameter to represent the texture intensity is the M-index 

(Skemer et al., 2005), which is based on the misorientation angles between crystal lattices. 
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The relationship between texture strength, Fe-content (represented by kpara) and resulting 

k can be defined as 

 

 Δk = |Δkpara - Δkdia| × M      (3.2), 

 

where Δkpara is described by equation (3.1), Δkdia is a constant, the value of which depends 

on the inherent diamagnetic anisotropy of the crystal in question (in our case calcite), and 

the M-index is a measure of CPO strength, ranging from zero (random texture) to one 

(single crystal). The AMS in this case arises only from the preferred orientation of calcite 

and the amount of iron-substitution in the calcite crystal lattice (Fig. 3.17b), where Δk 

varies according to the specified M and the amount of Fe2+ substitution. HF–AMS data, 

plotted together with the calculated boundaries for different values of M in Figure 3.17b, 

generally fall between 0.05 < M < 0.5, but display some scatter. Texture strength and Fe-

content are not independent, since Fe2+ has been shown to preferentially align its easy-axis 

magnetic moment parallel to the crystal c-axis in the carbonate crystal lattice (Jacobs, 

1963). Therefore it is expected that k is larger for a strong CPO as compared with a weak 

CPO, even though the Fe-content is the same in both cases. A preliminary indicator for this 

is shown by the data obtained from AMS measurements at 77 K (Fig. 3.12c); different 

sample groups (with respect to their location along the shear zone) display similar range in 

bulk susceptibility, but their k vary noticeably. This effect is also qualitatively observed in 

the results of room temperature HF-AMS (Fig. 3.12b), where samples from the distal 

portion of the shear zone (Dent) have lower k values, corresponding to more weakly 

deformed calcites, whereas samples from the root zone (Martigny) have larger k, 

indicating stronger deformation in this area (i.e., stronger CPO). 

The results of LF and HF–AMS data shown in Figure 3.12, which display two points 

of minimum k with different bulk susceptibility, cannot be explained solely by equation 

(3.2). The shift in bulk susceptibility is due to another paramagnetic cation such as Mn2+, or 

another paramagnetic or ferromagnetic (sensu lato) phase (albeit of minor concentration). 

In the case of Mn, its presence will increase the bulk susceptibility without a considerable 

affect on the magnetic anisotropy, and this effect could be incorporated in equation [2]. 
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Figure 3.17: (a) Susceptibility difference for a single crystal of calcite, as a function of Fe2+-
content; (b) susceptibility difference as a function of Fe2+-content in a sample with different 
M-indices. Diamond symbols in (b) correspond to high-field AMS data from locations LQ and 
UQ, which were measured at room temperature; samples that were investigated with EBSD 
and LA-ICP-MS are indicated with solid squares. The dashed line in shown in (a) relates the 
scale of the y-axis of (b). 

3.5.2.2 AMS of other calcite lithologies 

Other diamagnetic calcites, such as the Thassos mylonites described by de Wall et al. 

(2000), and Carrara marble, fit well with the data displayed by diamagnetic calcite 

mylonites from the Morcles Nappe (Fig. 3.18). In the data set of de Wall et al. (2000), k 

values plot to the left in the diagram, above the other data sets and their bulk susceptibilities 

are generally more negative, regardless of which deformation state they are in. Their 

negative bulk susceptibilities suggest that the samples are made up of chemically pure 

calcite. AMS data from the Carrara marble show a wider range for k and bulk 

susceptibility, but are still consistent with data from the Morcles Nappe shear zone and 

Thassos; their k values are generally lower than specimens from the other sites, suggesting 

that their CPO’s are weaker. Although samples from the Morcles Nappe and Thassos have 

been intensely deformed, their k values are not in the vicinity of the k for a single crystal 

of calcite (k = 1.1010-6 SI). This is to be expected since the M-index for specimens from 

the Gray Urgonian has values < 1 (Table 3.3). The trend displayed by the data sets in 

Figure 3.18 does however provide insight on the interplay between chemical composition 
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and texture development of calcites, as reflected by AMS studies. The AMS of the 

carbonate samples, in particular k, can be satisfactorily explained by the quantity of 

paramagnetic cations in their crystal lattice and their CPO intensity.  
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Figure 3.18: The susceptibility difference (k) is shown against bulk susceptibility for calcites 
from three different locations: the Morcles Nappe calcite mylonite, Thassos calcite mylonite, 
and Carrara marble. 

3.5.2.3 The role of impurities on deformation of calcite mylonites 

It is well established that small amounts of impurities affect the grain growth 

mechanisms and deformation processes in calcite rocks (e.g., Walker et al., 1989; Wang et 

al., 1996; Covey-Crump, 1997; Freund et al., 2001, 2004; Herwegh et al., 2003; Xu et al., 

2009). Freund et al. (2001, 2004) studied the growth and deformation of calcite doped with 

Mn as a trace element (ranging from 10–670 ppm), and observed a significant increase in 

both grain growth and the rate of creep when the Mn concentration increased. Conversely, 

Xu et al. (2009) and Herwegh et al. (2003) observed that the incorporation of dissolved Mg 

led to a retardation of the creep rate during experimental deformation experiments. 

However, the Mg concentrations were significantly higher (up to 0.34 mol% MgCO3) in 

their experiments. 
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In the present work we have observed differences with respect to chemical composition 

in specimens from the same lithological unit. The differences are most marked for the 

elements Fe, Mn, Mg and Sr. In particular, the differences in Fe and Mn influence the 

magnetic susceptibility and its anisotropy. There is a noticeable absence of reports in the 

literature about the effect of Fe on grain growth and deformation of calcite. However, Fe is 

likely to have an influence on creep mechanisms similar to the effect of Mn observed by 

Freund et al. (2001, 2004) and Wang et al. (1996). Given that the echinoderm single 

crystals (i) show no evidence for grain internal crystal plastic deformation and dynamic 

recrystallization, (ii) are in some cases affected by brittle fractures that were healed due to 

calcite precipitation, and (iii) are embedded in a fine-grained calcite matrix, the echinoderm 

clasts must have higher rock strength than the fine-grained matrix. A possible explanation 

for such a difference in viscosity is that the grain size difference permits a more 

pronounced contribution of diffusion processes (diffusion creep) in the matrix calcite, 

which results in a reduced strength (e.g., Walker et al. 1990; Herwegh et al. 2003). 

Additionally, the compositional differences between matrix and echinoderms may also 

contribute to the variations in rheology (Table 3.4). Whereas Mg, as dominant minor 

element, and Mn surprisingly allow no discrimination between echinoderms and matrix, 

both Fe and Sr contents systematically represent, respectively, lower and higher contents in 

the echinoderms (Table 3.4). Without mechanical data, we can only speculate about the 

rheological implications of these chemical variations at the present stage. 

On average, the net amount of chemical impurities (Fe, Mn, Mg, Sr) is higher in the 

matrix compared to the echinoderms. This suggests that either the effect of chemical 

impurities has only a subordinate importance on rheology (grain size effect dominates), or 

that specific elements (e.g., Fe, Mn) have a much more pronounced effect on rheology than 

others (e.g., Mg). An element-specific influence on rheology can be assumed from 

experimental rock-deformation data. For Mn, an increase in the trace element 

concentrations from 10 ppm to 670 ppm can already induce a decrease in differential shear 

stress by a factor of about 1.5–2 for deformation dominated by dislocation creep under 

laboratory conditions (cf., fig. 5 in Freund et al., 2004). A substantial increase in Mg 

concentrations from 12 150 ppm to 41 200 ppm induces an increase in stress by a factor of 

3 (cf., fig. 8 in Xu et al., 2009). Hence, compared to Mg, small amounts of Mn are more 
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critical in terms of their influences on strength. Since Fe has similar ionic radius and 

bonding characteristics to Mn, it can be speculated that Fe may have a similar effect on 

rock strength. The origin of the differences in trace element chemistry between samples 

most likely reflects the original sedimentary record, and the higher echinoderm count is 

found for samples containing larger amounts of trace elements (Table 3.3). 

Whether it is possible to demonstrate an influence of trace element content on the 

texture development in the calcite mylonites, and indirectly on their strain, remains an open 

question because other variables, such as the presence of small, albeit significant, amounts 

of secondary phases have an effect on deformation properties and grain growth in the 

calcite mylonites. All samples collected display a systematic variation in AMS and bulk 

susceptibility along the entire shear zone, evident from the V-shape of the collective data, 

reflecting the amount of impurity elements (Fe in particular), but from the current study it is 

not possible to confirm the role of trace elements due to the limited number of samples 

analyzed for the purpose of studying the microfabric development. The variation in trace 

element content, as inferred from the AMS, is potentially important for the rheology of the 

shear zone itself. It is clear however that AMS and bulk susceptibility provide a proxy for 

the concentration of impurity elements (Fe and Mn) in the studied calcite mylonites, and 

probably in other carbonate settings where the secondary phase content is small. In such 

geological settings it seems likely that local variations in trace element concentrations (e.g., 

Mg, Sr, Fe, Mn) will help dictate rheological behavior and strain weakening (Wang et al., 

1996; Bestmann et al., 2000; Freund et al., 2001, 2004). 

Finally, with regards to the results shown in Figure 8, we suggest that measurements of 

magnetic susceptibility and AMS can be used for applications relating to Mg and Fe 

temperature dependent solid-solution exchange of Ca in carbonates. Information on solid-

solutions in carbonates are of great interest in terms of (i) geothermometry and (ii) the 

effect on solute impurities on the carbonate rheology. Carbonate chemistry with respect to 

Mg, Fe and Ca has been shown to be temperature dependent, which has for example given 

rise to the use of carbonate thermometry (Rosenberg, 1963, 1967; Goldsmith and Newton, 

1969; Barron, 1974; Anovitz and Essene, 1987). Given that there is enough Fe available in 

the carbonate rock, the exchange of Ca follows a temperature dependent solid-solution that 

could be recognized in the magnetic susceptibility and AMS. As documented by recent 
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experimental studies (Herwegh et al. 2003, Freund et al. 2004, Xu et al. 2009), solute 

impurities can affect the rheology of calcite substantially. Time-consuming microstructural 

analyses would have to be carried out on large sample series collected across shear zones, 

to obtain spatially resolved information in the microstructural evolution of shear zones 

(e.g., Bestmann, et al. 2000; Ebert et al., 2007; Austin, et al. 2008; Herwegh et al., 2008). 

The associated strain localization might be affected, for example, by changes in 

deformation mechanisms (e.g., Burlini and Bruhn 2005 and references therein), which can 

be recognized by changes in CPO intensity and by variations in trace element content. 

Since the presence of Mn and Fe in combination with the CPO affects the magnetic 

susceptibility, AMS could be used to rapidly screen rock samples for changes in magnetic 

susceptibility related to trace element variations, allowing for the selection of samples for 

detailed quantitative microstructural and chemical analyses on impure samples versus pure 

samples. It may be of interest in forth-coming AMS studies to consider calcites, dolomites 

and Fe-carbonates deformed at a wider range of metamorphic grades and chemical 

compositions. 

3.2.6 Conclusions 

In this study two properties dominantly control the AMS measured in calcite mylonites 

with varying impurity content (<10 vol% second phases). The first property is chemical 

composition, specifically the amount and type of substituted paramagnetic cations in the 

calcite crystal lattice. As the amount of paramagnetic cations increases, the paramagnetic 

anisotropy increases. Fe2+ in particular contributes to the paramagnetic anisotropy, and is 

more anisotropic than other observed cations that substitute for Ca2+ in the carbonate 

crystal lattice. The second property that gives rise to the AMS is the sample texture. A 

weakly deformed, or isotropic, calcite displays low Δk due to a weak CPO, whereas 

increasing deformation produces susceptibility differences, due to the development of a 

stronger CPO, which will approach the AMS for single crystal calcite (Owens and Rutter, 

1978). AMS results obtained at 77 K and modeling results suggest that the two properties 

controlling the AMS, of chemical and physical origin, respectively, are coupled. Small 

deviations from the general trend observed in the data sets reflect the presence of small 
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amounts of other paramagnetic or ferromagnetic (sensu lato) phases, but these do not 

greatly alter the general trend of the data. 

The amount of trace elements Fe, Mn, Mg and Sr co-vary systematically within each 

specimen that was investigated. Experimental deformation studies (e.g., Freund et al., 2001; 

2004; Herwegh et al., 2003) have previously shown that variable trace element 

concentration (ppm) in calcites have a large effect on deformation properties and grain 

growth, and could lead to the localization of deformation and strain in layers with particular 

trace impurity composition. As such, magnetic susceptibility provides a suitable tool for 

studying the variation of impurities in calcite-rocks, for example in a screening process 

with an initial large sample set, which enables more detailed microfabric studies on selected 

samples. 
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3.3 Separation of diamagnetic and paramagnetic anisotropy by high-field, low-
temperature torque measurements in highly strained calcite mylonites 

Bjarne S. G. Almqvist, Ann M. Hirt, Marco Herwegh, Bernd Leiss 
In review: Journal of Structural Geology. 
 

3.3.1 Summary 
The anisotropy of magnetic susceptibility (AMS) has been measured, using low- and 

high-field methods, in deformed carbonate rocks along the Morcles nappe shear zone in 

southwest Switzerland. Measurements in high-field at room temperature and 77 K enable 

the separation of the ferrimagnetic, paramagnetic and diamagnetic anisotropy. The 

ferrimagnetic contribution to the AMS is generally insignificant in these rocks, contributing 

< 10 % to the total anisotropy. Separation of the paramagnetic and diamagnetic subfabrics 

is successful for carbonates containing both magnetic phases, and the separated 

diamagnetic anisotropy correlates well with the calculated magnetic anisotropy based on 

the calcite texture. The AMS results for both the diamagnetic and paramagnetic subfabrics 

are consistent with the regional shear movement in the late-stage formation of the Helvetic 

nappes, i.e., Morcles and Doldenhorn nappes, both of whose inverted limbs indicate shear 

displacement towards the northwest. There is a gradational change in the degree of 

anisotropy related to the strain gradient along the shear zone. A more complex magnetic 

fabric, arising from a combination of two deformation fabrics, is found at one site near the 

root zone of the nappe. Partial overprinting of the magnetic fabric appears to have taken 

place in two locations farther up the shear zone as well. The original regional deformation 

is affected by late-phase deformation associated with recent exhumation of the Mont Blanc 

and Belledonne external massifs, which is reflected by the AMS. Rocks with low bulk 

susceptibility (k ~ 0 SI) and simple mineral compositions are ideal for low temperature 

high-field torque, as this method helps enhance and elucidate the paramagnetic 

susceptibility and anisotropy, which may otherwise be masked by the mixed magnetic 

contributions of the composite rock. 



82 MAGNETIC FABRICS OF DEFORMED CARBONATE ROCKS 

 

3.3.2 Introduction 

The magnetic susceptibility of a rock sample is the sum over all constituent minerals, 

and the magnetic anisotropy arises from the grain shape- and crystal-preferred orientation 

of the minerals. But the contribution to the total susceptibility and anisotropy is dependent 

on the magnetic properties of the individual phases. This can lead to a complex relationship 

between the anisotropy of magnetic susceptibility (AMS) and the mineral fabric. As a result 

the AMS may be due to the superposition of more than one magnetic fabric (e.g., 

Borradaile, 1988; Goldstein, 1980; Hrouda, 1979; Kligfield et al., 1977). Almqvist et al. 

(2010a; Chapter 3.2) addressed this problem for carbonate rocks from the Morcles Nappe, 

where they showed that the degree of anisotropy reflects the combination of a paramagnetic 

anisotropy countering a diamagnetic anisotropy. Superposition of magnetic fabrics can also 

result from a mixture of primary fabrics and the secondary fabrics produced by tectonic 

strain or two secondary tectonic fabrics (e.g., Daly and Henry, 1983; Henry and Daly, 

1983; Hirt et al., 1988; Kligfield et al., 1981; 1983; Park et al., 1988). 

In general AMS studies concentrate on the paramagnetic and ferromagnetic (s.l.) 

minerals, since their susceptibilities are high. Diamagnetic minerals such as calcite and 

quartz, which have comparatively much weaker susceptibility, have received less attention. 

Only a few exceptions exist where workers have addressed the diamagnetic anisotropy of 

rocks comprising nearly pure calcite or quartz (e.g., Borradaile et al., 1999; deWall et al., 

2000; Hirt et al., 2000; Owens and Rutter, 1978). However, quartz and calcite commonly 

occur as matrix minerals in deformed rocks and their texture reveal useful information 

about the conditions and mechanisms that are active during deformation. Recent advances 

in instrumentation and the possibility of measurements at different temperatures permit the 

separation of magnetic anisotropy in rocks, which contain mixtures of ferrimagnetic, 

paramagnetic and diamagnetic minerals (Martín-Hernández and Hirt, 2001; Schmidt et al., 

2007a). Schmidt et al. (2009) used these techniques to separate the diamagnetic and 

paramagnetic anisotropy in synthetic aggregates composed of calcite and muscovite, and 

Almqvist et al. (2009; Chapter 3.1) applied the method in an initial study of the Morcles 

Nappe as a whole. In the present work diamagnetic and paramagnetic fabrics in deformed 

carbonate rocks are separated in order to better understand the deformation gradient and 

history along a major shear zone. 
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3.3.3 Geological setting and samples 

The Morcles nappe is located in southwest Switzerland, and is the basal fault in the 

Helvetic Nappe stack (Fig. 3.19). The kinematic evolution of the nappe stack took place by 

successive emplacement of faults from top to bottom with the Morcles nappe forming last 

(Collet, 1927; Trümpy, 1980; Ramsay, 1981; Ramsay et al., 1983; Dietrich and Durney, 

1986). The nappe stack plunges gently towards the northeast, where the Wildstrubel 

depression forms a topographic low (Ramsay, 1981), the so-called Rawyl-depression. The 

thrust contact of the Morcles nappe overlies the Aiguilles Rouges basement rocks, and the 

contact between basement rocks and the overlying Morcles nappe is a shear zone, along 

which the nappe has been thrust 10 – 12 km towards the northwest (Goy-Eggenberger, 

1998). Due to the high shear strain ( > 10) in the shear zone, the bedding (S0) and cleavage 

are sub-parallel (Ramsay et al., 1983). The most proximal portion of the shear zone in the 

southeast has been displaced by the Rhône-Simplon fault towards the west-southwest, and 

is located presently north of the town Martigny; a sample locality from this location is 

referred to as Martigny and is not shown in Figure 3.19. 

Mylonite samples were collected from six sites along the shear zone with 13 to 54 

specimens from each location (Fig. 3.19; Table 3.5). Cylindrical cores were drilled with a 

diamond drill-bit, of 2.54 cm diameter and 2.2 cm length, from oriented block samples in 

the laboratory and using a portable gasoline-driven drill in the field. La Grand Vire is 

located at the least deformed end of the shear zone close to the frontal folds of the nappe 

structure. The locality Lower Quarry shows deformation due to a later phase deformation 

related to deformation along the Rhône-Simplon Fault Zone (Dietrich and Durney, 1986; 

Seward and Mancktelow, 1994; Ebert et al., 2007). A crenulation cleavage is found in 

addition to the main cleavage at this site. The locality at Lui Chardonne may have also 

undergone secondary deformation, as seen from gentle folding of the bedding/cleavage 

planes. 
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Figure 3.19: Map showing the sampling locations along the Morcles nappe shear zone. Note 
that the site referred to as Martigny in subsequent figures has been displaced by the Rhône-
Simplon fault and is located about 11 km southwest of Saillon. The original position of the site 
at Martigny, prior to displacement, was near the Lower Quarry to the east; the sample site at 
Martigny experienced highest peak metamorphic conditions. 

 

Table 3.5: Structural data and sampled lithologies for the different sample locations along 
the shear zone. 

Location UTM 

Average 
Strike/dip of 

foliation Sampled lithologies 

Martigny 131/78* Urgonian, Gault 
Lower Quarry E579650 N113250 130/69 Urgonian, Gault 
Upper Quarry E578650 N113500 112/33 Urgonian 
Lui Chardonne E576200 N113800 127/38 

E575500 N113500 
Urgonian, Malm, Hauterivian, 

Portlandian 
Col de Fenestral E574050 N115200 108/38 Urgonian 
La Grand Vire E571500 N116500 Urgonian, Gault 

* The orientation of foliation may not be in situ, because the geologic relationship  
of the outcrop with respect to the nappe structure is unclear.  
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Most samples were taken from the Urgonian Formation, where calcite is the major 

mineral and secondary phases make up between 0 – 12 vol%. The underlying Gault 

Formation was sampled at three sites (Table 3.5). The Gault consists of calcite with mica, 

quartz, and dolomite as secondary phases in concentrations up to 30 vol% (Ebert et al., 

2007). At Lui Chardonne we sampled the overlying Malm, Barremian and Portlandian 

units, which can contain up to 40 vol% secondary phases in the case of the Malm (Table 

3.5; Ebert et al., 2007). The calcite contains Fe2+ substituting for Ca2+, but in concentrations 

generally below 1000 ppm. The paramagnetic secondary phases include muscovite, illite 

and chlorite. Small amounts of diamagnetic quartz and dolomite are present in the Gault 

and Malm units. Iron-oxides and iron-sulphides are present in trace amounts (<< 1 vol%). 

3.3.4 Methods 

AMS is mathematically described by a second rank symmetrical tensor and can be 

represented geometrically as an ellipsoid. The eigenvalues of this tensor represent the 

principal axes, in which k1  k2  k3. The magnitude, or degree of anisotropy, is expressed 

by Pj (Jelinek, 1981), or by the susceptibility difference k = k1 – k3. Technically, the latter 

is needed to illustrate the anisotropy for high-field torque measurements, since this method 

measures the deviatoric magnetic susceptibility (Jelinek, 1985). The shape of the 

susceptibility ellipsoid is given by U = [(2k2 – k1 –k3) / (k1 – k3)], where 0 < U  1 is oblate 

and 0 > U  -1 is prolate. When U = 1, or U = -1, the susceptibility ellipsoid is rotational 

oblate and prolate, respectively (Jelinek, 1981). The bulk magnetic susceptibility (k) is 

defined as the arithmetic mean of k1, k2 and k3. Diamagnetic minerals pose a difficulty in 

the definition of their principal axes (Hrouda, 2004). In this study we define the principal 

axes of calcite as k1 = k2 = -1.1710-5 and k3 = -1.2810-5 SI, resulting in U = 1 for a calcite 

single crystal, i.e., oblate susceptibility ellipsoid. 

Low-field AMS was measured with a KLY-2 (LNM, ETH-Zürich), KLY-3 

(Department of Physics, Universidad Complutense de Madrid), and KLY-4 (Institute for 

Applied Geosciences, Karlsruhe Institute of Technology) AGICO Kappabridge, using a 300 

A/m alternating field with 875 Hz frequency. High-field measurements were performed 

with a torque magnetometer (Bergmüller et al., 1994) at room temperature and 77 K, in six 

fields ranging from 700 and 1500 mT, and in the absence of an applied field. The signal 
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due to the holder and zero field measurements were subtracted from the total torque. At 

room temperature the high-field measurements enables separation of the anisotropy that is 

due to ferrimagnetic grains (Martín-Hernández and Hirt, 2001). Measurements at 77 K are 

used for the separation of the paramagnetic and diamagnetic anisotropies, using the method 

outlined by Schmidt et al. (2007a). 

The magnetic susceptibility of paramagnetic minerals obey the Curie-Weiss law, which 

is defined as 

    



T

C
k p       (1), 

where C is the Curie constant, θ is the paramagnetic Curie temperature and T is the absolute 

temperature. The bulk susceptibility of a paramagnetic mineral is ~3.8 times higher at 77 K 

compared to room temperature conditions (293 K) under the assumption that θ ~ 0 K. The 

temperature dependency of the paramagnetic anisotropy is not straight forward, since the 

Curie constant and paramagnetic Curie temperature can be anisotropic, and is mineral 

dependent. Thus the paramagnetic anisotropy at 77 K has to be determined specifically for 

each type of mineral. To describe the change in anisotropy from room temperature to 77 K 

a ratio of the paramagnetic susceptibility difference (kpara) at 77 K to the kpara at 293 K is 

used, which is called the p77-factor. The p77-factor for several carbonate minerals and 

muscovite was determined experimentally by Schmidt et al. (2007a, 2007b; 2009). For 

iron-rich calcite, in the range of 500 ppm to 11,000 ppm Fe, p77 = 13.3 (Schmidt et al., 

2007b) and for muscovite mica p = 8.23 (Schmidt et al., 2007a; Schmidt et al., 2009). 

Hence the latter value was used for sheet-silicate rich specimens (e.g., Gault), whereas the 

former value was used for the nearly pure calcites (e.g., Urgonian). 

Calcite texture measurements were performed on selected samples from the shear zone 

using electron backscatter diffraction (EBSD) and X-ray diffraction (XRD) goniometry. 

The details of the EBSD experimental procedure is outlined in Almqvist et al. (2010a). 

XRD measurements were performed at the University of Göttingen, using a PANalytical X-

ray diffractometer (X’pert PRO MRD, PW3040; Leiss, 2005; Leiss and Ullemeyer, 2006). 

The CPO was determined based on X-ray goniometer measurements with grid spacing of 

5°  5°. A 1 second exposure time at each grid-point was used, with X-ray beam operating 
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conditions of 60 kV and 10 mA. Measurements were done on the polished core-ends of the 

AMS specimens, such that XRD and AMS were measured on the same specimens. 

3.3.5 Results 

3.3.5.1 Low-field AMS 

The magnetic fabric, measured in low fields (LF-AMS), is controlled in general by the 

cleavage, which is related to the formation of the shear zone (Figure 3.20). La Grand Vire 

and Col de Fenestral, which are located in the distal part of the shear zone, display a very 

weak magnetic fabric with a loose grouping of k3–axes as pole to the cleavage (Fig. 3.20). 

The weak anisotropy is emphasized by the large number of specimens that fail the 

anisotropic f-test (at 95 % confidence limit) at this location (Table 3.6). Table 3.6 lists the 

number of specimens that have been rejected, after failing the f-test; rejection indicates that 

the specimen is effectively isotropic. All samples at Col de Fenestral, which were measured 

on a KLY-2 Kappabridge, were isotropic. Otherwise the number of specimens that fail the 

f-test at the other sites range from 13 – 84 %. Isotropic samples have a bulk susceptibility 

close to -1010-6 SI, which is in the range where the paramagnetic and diamagnetic 

anisotropies cancel one another (Almqvist et al., 2010a; Chapter 3.2). 

An inverse magnetic fabric is found in specimens that have -10  10-6 < k < 0 SI (i.e., 

k1 as the pole to the cleavage), indicating that the paramagnetic anisotropy of iron is 

responsible for this fabric. When the bulk susceptibility is higher than 10 – 20  10-6 SI the 

magnetic fabric is typically normal, with k3 sub-parallel to the pole to cleavage, indicating 

that phyllosilicates are responsible for the magnetic fabric. A second fabric, however, is 

seen at the Lower Quarry locality, with clustering of k1- and k3-axes oriented SW-NE and 

shallow. 

The degree of anisotropy (Pj) varies from close to 1.0 up to 1.3. Some samples with 

extreme degree of anisotropy (Pj > 4) have been removed from the plot, since their high 

values originate from the bulk susceptibility having values near zero (Fig. 3.21; Hrouda, 

1986; 2004). The susceptibility ellipsoids display shapes ranging from nearly rotational 

oblate to nearly rotational prolate, with large variation between these two extremes. 
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Figure 3.20 (previous page): Equal area projections showing the orientation for axes of 
principal magnetic susceptibility measured in low-field for the difference sample sites; 
squares represent the maximum susceptibility (k1); triangles show the intermediate 
susceptibility axis (k2); circles show the minimum susceptibility axis (k3) in this and 
subsequent figures. The orientation of the primary cleavage plane is shown by the great circle. 
The degree of susceptibility (Pj) and shape parameter (U) calculated from the low-field 
measurements are shown in the lower right plot. AMS for all sample locations are shown in 
geographic coordinates, with the exception of La Grand Vire where block samples were not 
oriented in situ, but relative to the stretching lineation (X) and the pole to the foliation plane 
(Z). 

 

Table 3.6: Significantly Anisotropic specimens in Low Field  

Location n 
Within 26° cone of 

the 95 % CA 
Within 26° cone of 

the 95 % CA 
% Anisotropic 

Specimens 

La Grand Vire 25 6 21 24 
Col de Fenestral 15 0 15 0 
Lui Chardonne 46 40 6 87 
Upper Quarry 54 38 16 70 
Lower Quarry 53 37 16 70 

Martigny 13 6 7 46 
n - number of specimens 
CA – Confidence Angle 
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3.3.5.2 High-field AMS 

High-field AMS (HF-AMS) was measured for selected specimens at room temperature 

and 77 K. The magnetic torque increases linearly with the square of the applied field for all 

specimens. Examples from the Urgonian and Gault Formations are shown in Figure 3.21 (a, 

b). The ferrimagnetic contribution to the torque is negligible in both samples, as indicated 

by the regression lines intersecting close to the origin. Comparatively, the torque at room 

temperature for the Gault is nearly 50 times larger than for the Urgonian, due to the higher 

concentration of paramagnetic minerals. 
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Figure 3.21: The magnetic torque as a function of the square of the applied field (B2) for three 
orthogonal sample positions. 

Figure 3.22a shows the non-ferrimagnetic anisotropy at room temperature, which arises 

from the sum of paramagnetic and diamagnetic subfabrics. The orientation of the principal 

axes of the HF-AMS at room temperature is similar to the LF-AMS (Fig. 3.22a). A 

significant anisotropy is now found at La Grand Vire and Col de Fenestral, and all sites 

show a magnetic fabric that is largely dominated the by cleavage flattening. The Lower 

Quarry and Martigny, however, also show indication of the later deformation. The shapes 

of the susceptibility ellipsoids range from oblate to prolate, and have low susceptibility 

differences (Fig. 3.23a). There is a trend of oblate ellipsoid with low susceptibility 

differences to prolate ellipsoids with increasing degree of anisotropy (∆k). 
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Figure 3.22: Equal area projections showing the principal axes of susceptibility measured 
with the high-field torque magnetometer at (a) room temperature and (b) 77 K. 
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Figure 3.23: The susceptibility difference (k) is shown together with the shape parameter (U) 
for high-field measurements at (a) room temperature and (b) 77 K, as well as the separated (c) 
diamagnetic and (d) paramagnetic anisotropy. Large symbols indicate the site mean, with 
corresponding error bars for 1σ confidence. 

The HF-AMS at 77 K display higher degree of anisotropy, 1 – 2 orders of magnitude 

larger, than the room temperature anisotropy. The distribution of principal axes are better 

constrained at 77 K (Fig. 3.22b), especially for the specimen that were weakly anisotropic 

at room temperature. Most ellipsoids have a prolate shape, which suggest the enhancement 

of the anisotropy originating from iron-rich calcite (Fig. 3.22b), except in the case of the 

Lower Quarry where the average ellipsoid is nearly neutral. 

Using the low-temperature measurements the paramagnetic and diamagnetic subfabrics 

have been separated, where there is a distinct difference between the diamagnetic and 
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paramagnetic anisotropy (Fig. 3.24a, b). This is seen primarily in principal axes oriented 

sub-parallel to the pole to cleavage: for the paramagnetic subfabric it is the k1-axes, 

whereas it is the k3-axes for the diamagnetic fabric. The only exception is at Lui 

Chardonne, where k1-axes orient sub-parallel to the cleavage pole for the diamagnetic 

fabric. The paramagnetic fabric is dominantly prolate, with the exception of the Lower 

Quarry and to a lesser extent Lui Chardonne, This departure is related to the later 

deformation and is discussed below. There is also a trend to increasing degree of anisotropy 

along the shear zone. The separated diamagnetic fabrics fall predominantly in the oblate 

field, again with exceptions from the Lower Quarry and Lui Chardonne. In the case of the 

diamagnetic anisotropy, the values of k range between ~1.010-7 and ~9.010-7 SI, which 

is well below the single crystal value for calcite (1.1010-6 SI). The highest values for k 

are observed from Martigny, the Upper Quarry and the Lower Quarry, in contrast to low 

values at La Grand Vire in the distal portion of the shear zone. 

In order to test the success of the subfabric separation we have calculated the AMS 

based on the calcite texture, which was measured using EBSD and X-Ray diffraction. The 

calcite AMS is calculated based on the single crystal magnetic susceptibility tensor of 

calcite and the CPO, using software developed by Mainprice (1990). Results for the 

predicted AMS due to calcite are compared with the separated diamagnetic anisotropy in 

Figure 3.25, where in general the calculated and measured values agree. 

3.3.6 Discussion 

Deformed carbonates from the shear zone demonstrate the importance of being able to 

separate magnetic subfabrics in a multi-phase rock made up of paramagnetic and 

diamagnetic minerals. Due to the difference in sign of the susceptibility a paramagnetic 

anisotropy can work against the diamagnetic anisotropy, particularly when the two 

subfabrics are co-axial. The LF-AMS can appear to be isotropic, although the paramagnetic 

and diamagnetic subfabrics both have a significant anisotropy. This can lead to erroneous 

interpretations in a geologic context. Low temperature measurements in either low field or 

high field can enhance the anisotropy of paramagnetic minerals (e.g., Ihmlé et al., 1989; 

Hirt and Gehring, 1991; Richter and van der Pluijm, 1994; Lüneberg et al., 1999; Parés and 

van der Pluijm, 2002; Martín-Hernández et al., 2005; Debacker et al., 2009). Measurements  



 

 

93 3.3.6 Discussion 

N

X

Z
Y

La Grand Vire Lui ChardonneCol de Fenestral

Upper Quarry Lower Quarry Martigny

N N

N N

(b) Paramagnetic separate 

N

X

YZ

La Grand Vire Lui ChardonneCol de Fenestral

Upper Quarry Lower Quarry Martigny

N N

N

(a) Diamagnetic separate 

 
Figure 3.24: Equal area nets illustrating the principal susceptibility axes for the separated (a) 
diamagnetic and (b) paramagnetic anisotropy. 
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Figure 3.25: (a) and (b) illustrate the susceptibility difference of the separated diamagnetic 
anisotropy and the calculated anisotropy for calcite, where the latter is based on EBSD and 
XRD texture measurements; (c) and (d) k and U shown for the separated and calculated 
diamagnetic anisotropy; G. Urg. = Gray Urgonian. 

performed at 77 K provides an advantage when the k at room temperature is low and the 

bulk susceptibility is ~ 0 SI, since the diamagnetic and paramagnetic contribution to the 

bulk susceptibility are close to equal at room temperature, but very different at 77 K. The 
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effectiveness of measuring at low temperature is shown by the similar fabrics obtained for 

HF-AMS at 77K and the separated paramagnetic fabrics (Figure 3.22b and 3.24b). 

Measurements in high fields at both room and low temperature allow the separation of the 

paramagnetic and diamagnetic subfabrics.  

Success in separating the diamagnetic fabric depends on having an accurate value for 

the p77 factor. This requires a good knowledge of the paramagnetic phase responsible for 

its subfabric, otherwise both orientation and shape of the separated ellipsoid will be false 

(cf., Chapter 3.4). The p77 factor for iron-rich calcite is suitable, in the case of the Morcles 

nappe, based on comparison of measured and predicted calcite AMS (Fig. 3.25). 

Flattening, due to high shear strain (e.g., Ramsay et al., 1983) is the main factor 

controlling both the LF and HF AMS along the basal shear zone of the Morcles nappe. LF-

AMS and room temperature HF-AMS display significant scatter in the orientation of 

principal axes. The LF-AMS is related to the weak degree of anisotropy that arises from a 

competition between the paramagnetic and diamagnetic subfabrics (Almqvist et al., 2010a, 

Chapter 3.2). HF-AMS at 77 K produces a better grouping of principal axes, which is 

largely due to the enhancement of the paramagnetic susceptibility. The inverse fabric 

indicates that the paramagnetic anisotropy arises from the presence of Fe2+ in the calcite 

structure (Rochette, 1988; Ihmlé et al., 1989). Paramagnetic second-phases such as mica 

have minor influence on the AMS, with the exception for samples with a bulk susceptibility 

higher than 1.010-5 SI. N.B., the majority of samples collected from the shear zone records 

negative bulk susceptibility. Near prolate shape of the susceptibility ellipsoids at 77 K 

further indicate that the paramagnetic anisotropy originate from the Fe-substitution in 

calcite for the majority of specimens. Earlier work showed that either k3 will be sub-parallel 

to the pole to the cleavage in the case of iron-poor calcite (normal magnetic fabric), or k1 is 

sub-parallel to the pole to cleavage in iron-rich calcite; an inverted magnetic fabric (Ihmlé 

et al., 1989; Almqvist et al., 2009; 2010a). 

The AMS results from the different sample locations are consistent with interpretation 

of the regional deformation events, in which shear movement took place in a northwesterly 

direction (Dietrich, 1986; Dietrich and Song, 1984). Orientations of the principal axes for 

the paramagnetic and diamagnetic subfabrics are consistent with the main deformation on 
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the inverted limb, with the exception of the Lower Quarry. Furthermore, the degree of 

anisotropy reflects the strain along the length of the shear zone (Ebert et al., 2007). 

The Morcles nappe has a well-developed slaty cleavage with stretching lineations 

parallel to the long-axis of the finite strain ellipsoid (Durney, 1972). The orientation of 

lineations in rocks form the Morcles Nappe, however, is observed to gradually rotate anti-

clockwise with time. The oldest stretching lineation is oriented north-south, and is found in 

the normal limb of the nappe. A subsequent NW-SE stretching lineation is associated with 

the inverted limb, showing the transport direction of the nappe stack. A late stage NE-SW 

stretching lineation is observed in locations of the nappe root zone (Dietrich and Durney, 

1986). Dietrich and Durney (1986) noted that more than one distinct stretching lineation co-

exist in the root zone of the Helvetic nappes (i.e., Morcles and Doldenhorn nappes); the 

latter stage NE-SW stretching lineation overprints the earlier NW-SE and N-S trending 

lineations. 

The Lower Quarry has several structural features unique to this locality along the shear 

zone. Secondary micro-folding is apparent with development of a crenulation cleavage, 

associated with a NE-SW stretching lineation. Directions of extensional fibres in pressure 

shadows are related to the NE-SW lineation (Durney and Ramsay, 1973; Casey et al., 

1983). 

The k1 and k3 axes cluster where the two cleavage planes intersect (Fig. 3.26). The 

separated diamagnetic subfabric shows a change from the typical oblate ellipsoid shape, 

i.e., a move towards more prolate ellipsoids (Fig. 3.27). Such a trend in the Jelinek diagram 

is indicative of gradual overprinting of the initially oblate magnetic fabric associated with 

the NW-SE stretching lineation by another flattening fabric associated with the NE-SW 

stretching lineation to yield a composite magnetic fabric. This pattern is similar to what 

Kligfield et al. (1981; 1983) showed in the Alps Maritimes, where an initial bedding 

compaction is overprinted by tectonic flattening. The shape of the AMS ellipsoids starts in 

the oblate field and with the initiation of a tectonic flattening show a shift towards the 

prolate field before moving back to the oblate filed as the tectonic flattening dominates 

(Fig. 3.27b). 

The NE-SW stretching, and corresponding magnetic fabric, is related to tectonic 

movement parallel to the general trend of the Central Alps (i.e., Steck, 1984; Steck and 
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Hunziker, 1994). Mancktelow (1985; 1990; 1992) observed the development of NE-SW 

stretching lineation in relation to ductile deformation along the footwall of the Rhône-

Simplon line. Backfolding took place during the upper Miocene with related NW-SE 

shortening near the Simplon Pass (Mancktelow, 1992), which penetrated the root zone of 

the entire nappe stack. Parts of the Morcles root zone were displaced by the dextral western 

continuation of the Rhône-Simplon line (Burkhard, 1988; Soom, 1990; Mancktelow, 1990; 

1992; Steck and Hunziker, 1994; Seward and Mancktelow, 1994; Ebert et al., 2007). 
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Figure 3.26: Equal area projections showing the principal axes of susceptibility determined 
with different AMS techniques for the Lower Quarry. S1 represent the primary cleavage 
plane. 

Partial overprinting due to a secondary fabric also appear to take place at Lui 

Chardonne and the Upper Quarry, as seen in the Jelinek diagram for the separated 

diamagnetic subfabric (Fig. 3.27a), where decreasing susceptibility difference is coupled 

with susceptibility ellipsoids that move towards and into the prolate field. However, in 

these two locations the overprinting orientation is not NE-SW, as observed at the Lower 
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Quarry in the root zone of the nappe. Rather, the magnetic fabrics observed at Lui 

Chardonne and the Upper Quarry coincides with the typical NW-SE stretching. 
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Figure 3.27: (a) U as a function of k for the separated diamagnetic subfabric at Lui 
Chardonne, Upper Quarry and Lower Quarry; (b) sketch of AMS path for progressive 
overprinting of an oblate sedimentary fabric by a secondary tectonic fabric (redrawn from 
Borradaile and Henry, 1997). 

3.3.7 Conclusions 

Anisotropy of magnetic susceptibility has been used to study deformed calcite 

mylonites from the Morcles nappe shear zone. Emphasis is placed on unraveling the 

contribution of different sources to the total magnetic anisotropy. Low- and high-field AMS 

measurements at room temperature produce a magnetic fabric with broad scatter due to the 

weak susceptibility of the rocks, but which generally agrees with the regional shear 

movement. These measurements produce results that display mixed inverse and normal 

magnetic fabrics for samples collected from the same location. Separation of the 

diamagnetic and paramagnetic anisotropy is possible with high-field torque measurements 

at room temperature and 77 K, producing magnetic anisotropy that is in good agreement 

with the deformation history in the Morcles Nappe. Both subfabrics indicate that there is a 

strain gradient along the shear zone. They also demonstrate that secondary deformation 

may not be limited to the Rhône Valley floor, but may occur at higher levels in the nappe 

stack. 
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3.4 Combination of paramagnetic and diamagnetic subfabrics and 
consequences on the shape and orientation of AMS ellipsoids 

Chapter 3 examines the magnetic anisotropy in rocks whose AMS originates from 

several phases, and how these combine to produce a magnetic fabric that is representative 

of the complete petrofabric. Figure 3.28 shows an extreme example where a mixture of 

magnetic sub-fabrics arising from iron-poor calcite, iron-rich calcite and muscovite. Calcite 

and mica have oblate shape AMS, whereas iron-rich calcite has a prolate AMS ellipsoid. 

Theoretically it is possible that by varying the concentrations of the three subfabrics the 

total magnetic fabric becomes isotropic, even though the mica may show an obvious 

texture. 

C

A
A A

C
C

C

A

k1

k2 = k3 A

C

k1 = k2

k3

A

C

k1 = k2

k3
k1 ~ k2 ~ k3

Fe2+ substituting
in calcite

Muscovite Mica Calcite

 

Figure 3.28: Schematic drawing showing a calcite mylonite containing diamagnetic and 
paramagnetic minerals, with preferred orientation due to deformation. The resulting AMS 
depends on the sum of the different contributing magnetic minerals, as shown by the sketch of 
the susceptibility ellipsoids. 

Schmidt et al. (2007a) demonstrated that it is possible to separate the diamagnetic 

anisotropy for the mixture of a paramagnetic and a diamagnetic phase, using the concept of 

the p77-factor, as long as the paramagnetic torque signal is not larger than ten times the 

diamagnetic signal. The simplest case for separation of the diamagnetic anisotropy in the 

calcite mylonites in Chapter 3.3 is when the only paramagnetic phase is Fe-substituted 
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calcite. In order to assess whether the separated diamagnetic anisotropy reflects the 

anisotropy due to calcite, AMS has been calculated based on texture measurements for 

calcite in selected specimens, using methods outlined in Mainprice (1990) and Martín-

Hernández et al. (2005), in which the single-crystal AMS tensor for calcite is used, 

combined with the measured CPO of calcite (from EBSD and XRD; Fig. 3.25). There is 

good agreement between the separated diamagnetic k based on measurements and the 

texture-derived anisotropy, in comparison with measurements of k obtained simply from 

the room temperature torque (Fig. 3.25a, b, Chapter 3.3). The shape parameter (U) for the 

separated and predicted diamagnetic anisotropy agrees in general, both approaching oblate 

shape ellipsoids (Fig. 3.25c, d, Chapter 3.3). These results support the interpretation that the 

HF-AMS measured at room temperature has significant contribution from the secondary 

minerals (i.e., minerals other than calcite). 

Some specimens display anomalous values with respect to the 1:1 line in Figure 3.25 

(a, b). There are two possible reasons for these results, the first being inaccuracy in the 

texture measurements, and the second being unsuccessful separation of the diamagnetic 

anisotropy. Since anomalous values occur both for the EBSD and XRD texture data it 

seems likely that separation of the diamagnetic anisotropy has been unsuccessful for these 

specimens. The source for the offset value displayed by these specimens can be explained 

by the presence of more than one paramagnetic phase, indicating that the chosen p-factor is 

not valid. For example, by using a p-factor of 25, rather than 13.3, it is possible to move 

specimen LQ0302 closer to the predicted k. Alternatively the anomalous values could 

arise from differences in volumes considered by texture techniques (small volume,  100 

μm) compared to the AMS (~11 cm3), i.e., that the texture within a sample used for the 

AMS measurement is not homogeneous throughout the entire volume.  

3.4.1 Magnetic fabrics in a multiphase rock 

Separation of the paramagnetic and diamagnetic fabrics becomes complicated when 

Fe-substituted calcite and mica both contribute to the paramagnetic fabric, leading to a 

complex paramagnetic fabric (Fig. 3.28). Mica has its k1–axis in the foliation plane, 

whereas for iron-rich calcite k1 is parallel to the c-axis of the carbonate crystal, which can 

give rise to an inverse magnetic fabric (Ihmlé et al., 1989; Rochette, 1988). 
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Different values of the p-factor are used to investigate the separation of paramagnetic 

and diamagnetic anisotropies for three specimens with different mineral compositions 

(Figure 3.29). It is evident that k and U are sensitive to the choice of the p-factor value 

depending on the sample mineral composition. For example, a sample from the Upper 

Quarry shown in Chapter 3.3, UQ10 (k = -11.310-6 SI; Fig. 3.29a), consists of nearly pure 

calcite with the presence of a small amount of Fe2+. Different values of the p-factor mainly 

change the susceptibility difference (k), while the shape parameter and principal axes are 

nearly insensitive to a change in the p77-factor. For this specimen the p77-factor of 13.3 

produces a diamagnetic k that agrees well with the k calculated from the calcite texture. 

A sample from the Lower Quarry, LQ0302 (k = 13.310-6 SI), is a white calcite mylonite 

with a greenish tint, suggesting the presence of minor chlorite, in addition to Fe2+ (Fig. 

3.29b). In this case the separated diamagnetic anisotropy is strongly dependent on the value 

for the p-factor, whereas the separated paramagnetic anisotropy displays mainly a change in 

k. For low p-factor values the diamagnetic k is unrealistically high, since k exceeds the 

value for single crystal calcite. In addition to the degree and shape of the AMS ellipsoid, 

the principal axes and shape parameter gradually change with an increase in the p-factor, 

making it difficult to estimate the appropriate value. The most drastic changes occur for a 

Gault specimen, MNS21A (Fig. 3.29c), whose anisotropy is dominated by paramagnetic 

minerals (Fig. 3.21b, Chapter 3.3). The range of p77-factor values used result in very 

different values for the diamagnetic k, and only for p77 = 10 is the k lower than the k 

of single crystal calcite (Schmidt et al., 2006). In addition the principal axes inverse their 

position and change magnitude such that the shape of the susceptibility ellipsoid varies 

depending on the chosen p-factor. 

Schmidt et al. (2006) empirically demonstrated that the value for the paramagnetic k 

in iron-substituted calcite is based on the amount of Fe2+ in the crystal lattice. They 

illustrated a linear relationship of the paramagnetic k with Fe-concentrations from 500 

ppm up to 11,000 ppm. The axis of maximum susceptibility (k1) due to the Fe2+-cation is 

along the crystallographic c-axis of the carbonate crystal lattice, and the susceptibility 

ellipsoid has rotational prolate shape (Almqvist et al., 2010; Jacobs, 1963; Schmidt et al., 

2006).  
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Figure 3.29 (previous page): The susceptibility difference (k) and shape parameter (U) as a 
function of different p-factor values used for separation of the magnetic anisotropy in (a) an 
Urgonian specimen, (b) an Urgonian specimen containing chlorite, and (c) a Gault specimen 
containing mica. Equal area projections are used to display the orientation of the separated 
diamagnetic and paramagnetic anisotropy, for different p-factor values. 
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The susceptibility difference of muscovite also varies with the Fe-composition, although no 

empirical relationship between Fe-concentration and k has as of yet been determined. 

Martín-Hernández and Hirt (2003) presented an average k of 1.210-5 SI, measured in 

high-field, whereas Schmidt et al. (2007a) gave a value for k of 1.0810-6 SI for a single 

crystal measured in high-field. Despite the variation in iron-content for muscovite, 

experimental work indicates that the p77-factor does not change beyond 8  1 

(Biedermann, unpublished data; Schmidt et al., 2007a; 2009). Since the p77-factor is larger 

for iron-substituted calcite (p = 13.3), its degree of anisotropy at 77 K will increase 

comparatively to muscovite. 

A simulation can be performed to investigate changes of k at 77 K and 293 K, 

considering a mixed sample consisting of a muscovite crystal and calcite crystal, or varying 

amounts of muscovite versus calcite. In both cases the calcite can contain different 

concentrations of Fe2+. Such a simulation provides insight on the total magnetic anisotropy 

resulting from the mixed paramagnetic phases at 293 K compared to 77 K. The initial 

values used for the simulation are listed in Table 3.7, for room temperature and 77 K. 

Different crystal orientations of the muscovite with respect to the calcite are tested at room 

temperature conditions and 77 K (inset of Fig. 3.30). Fe-substituted calcite is considered as 

a single tensor, by adding the paramagnetic tensor for the different Fe-concentrations to the 

diamagnetic calcite tensor. Results are shown in Figures 3.30 and 3.31. It is apparent that 

k at 77 K and 293 K are strongly dependent on the chemical composition of calcite, modal 

mineral composition, and the orientation of the respective crystals. The effect of mineral 

composition is greatest for muscovite volume fractions between 0.05 and 0.4, depending on 

the amount of Fe in the calcite. A nearly isotropic magnetic susceptibility can result for 

certain modal compositions when the c-axes of the two crystals are coaxial or at 45 °. In 

these cases the paramagnetic anisotropy of the first crystal acts opposite to the anisotropy of 

the second crystal, lowering the overall anisotropy.  
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Figure 3.30: The simulated susceptibility difference (k) at room temperature (293 K) and 77 
K, for different volume fractions of mixed calcite and muscovite crystals, where the calcite 
crystal contains (a) 0 ppm Fe2+, (b) 400 ppm Fe2+, (c) 1000 ppm Fe2+ and (d) 5000 ppm Fe2+. 
Note that the calcite and muscovite crystal are oriented in three different ways with respect to 
each other, as shown in the sketch (e). 
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Figure 3.31: The simulated shape parameter (U) at room temperature (293 K) and 77 K, for 
different volume fractions of mixed calcite and muscovite crystals, where the calcite crystal 
contains (a) 0 ppm Fe2+, (b) 400 ppm Fe2+, (c) 1000 ppm Fe2+ and (d) 5000 ppm Fe2+. 

In contrast, when the c-axes of the crystals are at right angles to each other there is a weak 

influence on k from the modal composition and there is a linear increase in the 

susceptibility difference from the calcite end member to the muscovite end member. The 

shape of the susceptibility ellipsoid is largely dependent on the orientation of the crystals, 

indicated by an abrupt transition from an oblate shape to a prolate shape when crystal c-

axes are coaxial, whereas a gradual transition is apparent when c-axes are offset by 45 ° or 
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90 °. A higher Fe-concentration in the calcite requires a higher fraction of muscovite in 

order to switch the susceptibility ellipsoid from the prolate field to the oblate field. 

Figure 3.32 illustrates the ratio of k at 77 K to k at 293 K when the calcite and 

muscovite c-axes are coaxial. The Fe2+-concentration in the calcite crystal varies, while the 

muscovite volume fraction is kept constant at 10 %. The ratio changes from nearly zero at 

400 ppm Fe2+ to ~150 when the Fe2+ concentration is 1200 ppm. These results can help 

interpret the observation of very small or large ratios of k at 77 K to room temperature in 

natural calcites (e.g., Almqvist et al., 2010) and probably for other rocks that contain more 

than one paramagnetic second phase. They also illustrate the large difference that can result 

in the magnetic anisotropy for measurements performed at 77 K and 293 K.  

An assemblage of grains with crystallographic preferred orientation becomes more 

complicated. But similarly as for the sum of the susceptibility tensors of the two single 

crystals, each grain assemblage can be considered with respect to its susceptibility tensor. 

This is relevant for rocks in which minerals grow during metamorphism, so that the total 

susceptibility tensor needs to be separated in order to relate the AMS to strain. It is also 

relevant for weakly deformed rocks where the AMS may result from the original 

sedimentary fabric and the secondary deformation fabric. For this purpose it can be useful 

to consider the orientation distribution function of the crystals which contributes to the 

magnetic anisotropy, a topic that has been considered in the works of Owens (1974), 

Martín-Hernández et al. (2005) and Schmidt et al. (2009). 
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Figure 3.32: The ratio of k at 77 K to k at 293 K for a mixed calcite crystal (90 vol%) and 
muscovite (10 vol%) crystal, whose crystal c-axes are coaxial. The ratio is shown as a function 
of the Fe2+ concentration of the calcite crystal (in ppm). 
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CHAPTER 4  

4 Elastic properties of porous 
synthetic aggregates, from 
measurements and models

 

 

 

 

 

 

Carbonate rocks make up a large portion of Earth’s sedimentary rocks, and are 

common reservoir rocks for oil and gas. Their elastic properties are of fundamental 

importance to exploration industry. To better understand the elastic properties a set of 

calcite-muscovite aggregates have been synthesized for which the elastic properties can be 

thoroughly investigated. This chapter presents elastic P-wave and S-wave measurements 

for these synthetic aggregates and bulk velocity measurements and addresses the source of 

anisotropy using predictive mixture theory. 
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regarding the wave-propagation in rocks from the Earth’s crust (e.g., Burlini and Fountain, 

1993; Khazanehdari et al., 1998; Weiss et al., 1999; Mondol et al., 2007). To complement 

laboratory measurements, elastic properties of aggregates are commonly calculated when 

the volume fractions of the various phases are known, together with their elastic moduli, for 

example using Voigt (1928) and Reuss (1929) bounds. 

The propagation of seismic waves is affected, however, by the crystal-preferred 

orientation (CPO) of an aggregate of minerals and improvements in calculating the elastic 

properties can therefore be made by considering the anisotropic physical properties of the 

single-crystals together with their CPO, which are obtained through texture measurement 

methods (e.g., Mainprice, 1990; 2007; Mainprice and Humbert, 1994). Modeling the elastic 

properties is often necessary when experimental data is lacking or not obtainable. 

Information on the elastic properties of micas and clay minerals are important since 

they make up a large fraction of the mineral composition in sedimentary basins, as well as 

in a variety of crustal settings, such as in fault gouges, and at the very top of the mantle. A 

wide range of values of elastic constants have been reported for phyllosilicates and clay 

minerals in the literature (e.g., Aleksandrov and Ryzhova, 1961a, b; Vaughan and 

Guggenheim, 1986; Ellis et al., 1988), and recent work has demonstrated the need for a 

better understanding of elastic properties and their anisotropy in clay- and mica-rich rocks 

(e.g., Sayers, 2005; Cholach and Schmitt, 2006; Wong et al., 2008; Voltolini et al., 2009). 

Seismic velocities measured for rocks containing abundant phyllosilicates or clays often 

deviate from the calculated seismic velocities based on intrinsic single-crystal elastic 

constants, due to the presence of micro-porosity and cracks. Cholach and Schmitt (2006) 

have suggested that the elastic properties of muscovite can serve as a good proxy for illite, 

since the single-crystal elastic constants of illite are not yet known. The single-crystal 

elastic properties of calcite have been studied in detail (e.g., Peselnick and Robie, 1963; 

Dandekar, 1968; Chen et al., 2001), as well as the elastic properties of carbonates in several 

geological settings (e.g., Rafavich et al., 1984; Wang et al., 1991; Anselmetti and Eberli, 

1993; Wang, 1997; Khazanehdari et al., 1998; Burlini and Kunze, 2000; Verwer et al., 

2008). Results from these studies are of direct interest for reservoir geology, and for 

structural and tectonic studies since carbonates commonly accommodate plastic strain 

during deformation (e.g., Kennedy and White, 2001; Austin et al., 2008). Calcite is 
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interesting with respect to its texture and related physical properties (i.e., magnetic and 

seismic properties), which have been the subject of study in natural settings (e.g., Burlini et 

al., 1998; Khazanehdari et al., 1998; Leiss and Ullemeyer, 1999; Burlini and Kunze, 2000). 

In addition, calcite is the predominant minerals in carbonate rocks, making up a large 

portion of oil-reservoir rocks. 

For this study seismic velocities are determined for a set of compacted calcite-

muscovite aggregates described by Schmidt et al. (2008). The composition of the samples 

ranges from the pure end-members of calcite and muscovite, with compaction pressures 

from 20 – 400 MPa. Compressional (VP) and shear (VS) waves are measured to investigate 

how elastic properties depend on mineralogical composition, CPO of minerals and porosity. 

Seismic velocities are also calculated using calcite and muscovite texture data of the 

samples. The measured and calculated seismic velocities are compared and the differences 

that arise between the two data sets are discussed. The relationship of the magnetic 

properties to texture of these synthetic aggregates is addressed in Schmidt et al. (2009). 

4.1.3 Sample preparation and methods 

4.1.3.1 Sample preparation 

Preparation of the calcite-muscovite aggregates and their texture is described in detail 

by Schmidt et al. (2008; 2009). In summary the calcite and muscovite powders were mixed 

in different ratios, and subsequently compacted with uniaxial compression at room 

temperature (UCP) with applied loads ranging from 20 MPa to 400 MPa. The starting 

material for calcite was obtained from Carrara marble that was reduced to gravel size 

fragments, and subsequently crushed with an agate mill and sieved to keep the fraction 

≤100 μm. Similarly muscovite, obtained from three different sources, originally from 

pegmatitic crystals (Schmidt et al., 2008), was crushed in an agate mill and the 100 μm 

sieved fraction was used. After cold-pressing the canisters were sealed and welded with a 

steel cap, and isostatically hot pressed at ~670 C and 160 MPa confining pressure (PC). 

The initial uniaxial pressing developed a transverse isotropic sample fabric with a  foliation 

plane normal to the axis of compaction, which has been confirmed using X-ray and neutron 

diffraction texture measurements (Schmidt et al., 2008; 2009), as well as the anisotropy of 
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magnetic susceptibility (Schmidt et al., 2009). Calcite c-axes align parallel to the axis of 

compression. A weak CPO develops due to passive grain rotation at low pressures, so that 

the cleavage planes (1 0 -1 4) are oriented roughly at 45° to the compression axis (Schmidt 

et al., 2008). Twinning was activated at higher uniaxial loads, which further strengthened 

the CPO of calcite c-axes, with a-axes of calcite dispersed randomly in the plane of 

foliation. Muscovite also display c-axes maxima parallel to the axis of compression, 

resulting from passive grain rotation, in which basal planes orient preferably normal to the 

compression axis. It should be noted however, that muscovite does not have perfectly 

hexagonal symmetry, but rather is monoclinic with the angle between unit cell axes a and c 

being slightly greater than 90° ( ~ 95.5 – 95.8°). Details on the grain-sizes for calcite and 

muscovite subsequent to hot-isostatic pressing are given in figure 4 of Schmidt et al. 

(2008). On average, for all samples, the calcite grain-size is less than 10 μm after the final 

step of sample preparation (cf., table 2, Schmidt et al., 2008). 

Cores were drilled along the axis of compression for each sample, and when possible 

perpendicular to this axis, i.e., normal to the compression axis. Specimens that were drilled 

parallel to the cylinder axis were 25.4 mm in diameter, whereas specimens drilled normal to 

the cylinder axis have 22 mm diameter (Fig. 4.1). Core lengths varied between circa 20 mm 

to 38 mm. A total of 21 cores were extracted parallel to the axis of compression and 8 cores 

were drilled normal to the compression axis, and used to measure acoustic wave-velocities. 

Specimens with a range of different calcite-muscovite ratios were obtained in both 

orientations (5 – 70% muscovite content) and their VP and VS could be compared in order 

to determine the effect of preferred orientations of crystals and pore-space on wave 

propagation. Specimens were dried in an oven for at least 24 hours, at temperatures of 50 – 

70 C, prior to any experiments. 

Densities were determined by measuring the volume and mass of each individual 

specimen. The total porosity (φ) was determined by comparing the specimen density with 

the single crystal densities of calcite, ρ = 2.71g/cm3, and muscovite, ρ = 2.82 g/cm3 

(Schmidt et al., 2008). The propagated error of this method, for determining the total 

porosity is less than 2%. 
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ø = 25.4 mm (U) 

V S1 
(σ3) 

VS2
VS2

VS2

ø = 22.0 mm (N) 

Transverse isotropic material
    Axis of compression (σ1)

Plane of isotropy (σ3)
   compaction plane

VS1

 

Figure 4.1: Illustration of the drilling scheme of cores for the synthetic samples, in which the 
axis of UCP load is indicated by σ1, and the foliation plane develops perpendicular to the 
applied load, where the applied stress is least (σ3). The letter “U” refers to samples drilled 
with their long-axes parallel to the axis of compaction, whereas “N” refer to samples drilled 
normal to the axis of compaction, in this and subsequent figures. The enlarged images of the 
drill cores illustrate the polarization of shear-waves with respect to the axis of compression 
(VS2) and in the plane of compaction (VS1). 

4.1.3.2 Acoustic velocity measurements and determination of seismic anisotropy 

The velocities for compressional (VP) and shear waves with two polarizations (fast and 

slow shear waves, VS1 and VS2, respectively) were measured in a Paterson gas-medium, 

high-pressure apparatus, specifically modified for physical properties measurements at 

large confining pressures (Fig. 4.2a, b). Measurements were performed at ultrasonic 

frequencies (1 MHz), using ceramic transducers. The transducer assembly was jacketed 

with copper. In the case of short specimens, when the cores were less than 25 mm long, a 

zirconia spacer was added to provide the additional length needed for the column. The 

longer wave-travel times produced by the zircon spacer were later subtracted to obtain the 

actual velocity of the specimen. VP and VS were measured at increasing PC, in intervals of 

~50 MPa to a final PC of 300 – 475 MPa, in order to minimize the effect of porosity and  
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Figure 4.2: Schematic of sample assembly setup in the Paterson pressure vessel for (a) the 25.4 
mm diameter sample assembly and (b) the 22.0 mm sample assembly; (c) example of how VP 
and VS were determined from the linear regression of high PC part (solid lines) of the velocity-
pressure curve, with fiducial limits (dashed lines) of the linear regression. 
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cracks within a specimen (e.g., Fig. 4.2c). Dry pores have been shown to affect the VP and 

VS significantly. It is generally accepted that most pores and cracks close between PC’s of 

100 – 250 MPa (Birch, 1960; Kern, 1990; Wepfer and Christensen, 1991; Burlini and 

Kunze, 2000), after which VP and VS increase due to compression of the mineral structures. 

One of the important factors controlling the closure pressure of a dry crack is its geometry. 

Thin cracks with large aspect ratios generally close at low pressures (100 MPa; Walsh, 

1965; Takanashi et al., 2001), whereas spherical pores can remain open at pressures >200 

MPa (Nur and Simmons, 1969). Hysteresis is observed for velocities when PC is reduced to 

room pressure, due to some porous spaces and cracks that do not reopen. In order to obtain 

a representative measure of the P- and S-wave velocities such that the influence of porosity 

is minimized, a linear regression is fitted to the velocity measurements at high pressures 

where the increase in velocity is close to linear (Fig. 4.2c; Burlini and Fountain, 1993). The 

zero pressure intercept in Figure 4.2c, representing room pressure, is referred to as VP0 and 

VS0, for the compressional and shear waves, respectively, and represents the material 

without (or reduced) porosity. Error boundaries for the linear regression at room pressure 

are estimated by calculating the fiducial limits of the high-pressure data points used for the 

regression (Cheeney, 1983). In the case of compressional waves the amount of anisotropy 

(AVP) was determined by AVP = 2(VPmax - VPmin)/(VPmax + VPmin), where VPmax is the 

highest velocity measured for a specimen and VPmin is the lowest velocity. 

4.1.3.3 Calculation of seismic velocities 

To calculate the seismic velocities we use texture measurement data for calcite and 

muscovite aggregates, which was obtained by measurements of neutron diffraction pole 

figures at the FRJ-2 research reactor of the Forschungszentrum Jülich, Germany (Schmidt 

et al., 2009). From the pole figures it is possible to compute the orientation distribution 

functions (ODF) for calcite and muscovite (Mainprice et al., 1993), using a spherical 

harmonic series expansion, truncated at degree 12. A summary of the pole figures used to 

compute the ODF for muscovite is provided in Figure 4.3. Note that four unique pole 

figures were available for the calculation of the muscovite ODF (0 0 4, 0 0 6, 0 0 10), (1 1 

0), (1 1 6) and (1 3 5), which are too few for the inversion considering its monoclinic 
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symmetry (Bunge, 1982; LaPierre et al., 1996), and therefore we assume a hexagonal 

symmetry for muscovite. 

Poles to planes
Direction

Equal Angle Stereogram :  Muscovite Pole Figures

0 0 6 0 2 4 0 1 0

1 1 6 1 3 5

1 1 0

1 0 0

1 1 1

0 0 4
0 0 10

 
Figure 4.3: Pole figures used to compute the ODF for muscovite, shown on an upper 
hemisphere equal angle stereogram. The pole figures used for calculation of the ODF are (004, 
006, 0010), (110), (116) and (135). Note that [100] direction was not measured. 

The method used to calculate the seismic velocities from the ODF is described by 

Mainprice et al. (1993) and Lapierre et al. (1996), using software originally developed by 

Casey (1981) and Mainprice (1990). Single-crystal elastic constants used in the seismic 

velocity calculations were obtained from Dandekar (1968) and Chen et al. (2001) for 

calcite, and Vaughan and Guggenheim (1986) for muscovite. The model provides the 

velocities for P- and S-waves, their anisotropy, as well as polarization planes for the 

horizontally polarized S-waves and contours of the two S-waves. P- and S-waves were 

calculated with the Voigt-Reuss-Hill estimate (VRH; Hill, 1952); the arithmetic mean of 

the Voigt upper bound (Voigt, 1928) and Reuss lower bound (Reuss, 1929). The VRH 

results are presented and used for calculation of seismic velocities, because this average is 

commonly close to actual measured velocities (Mainprice, 2007) and does not display a 

large difference with respect to the geometric mean averaging scheme (Mainprice and 
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Humbert, 1994). VP anisotropy for the calculated seismic velocities is described as in 

Section 2.2. Shear-wave splitting (dVS) was determined by calculating the difference 

between the fast (VS1) and the slow (VS2) S-waves along a specific sample axis, such as 

parallel to the axis of uniaxial compression, or in the plane normal to the compression axis 

(e.g., dVS = VS1 – VS2). 

4.1.4 Laboratory Results 

4.1.4.1 Porosity and density 

Total porosity of the samples ranges from 3.5% to 24.5% (Table 4.1; Schmidt et al., 

2008). Most samples display increased porosity as the volume percentage of muscovite 

increases with the exception of samples containing 100% muscovite, which display 

noticeably lower porosities than the overall trend (cf., Schmidt et al., 2008: fig. 1). The 

applied load used during compaction reduces the amount of porosity and samples 

compressed with 20 MPa uniaxial load typically have higher porosities, by a few percent, 

than samples compressed with greater loads. Porosities were also measured after velocity 

experiments had been performed in a PC of 300 – 475 MPa, and show a decrease for all 

specimens of ~1 – 2% relative to the porosities measured prior to the experiment. 

Sample densities (ρ) are related to the amount of porosity of the samples (Fig. 4.4). 

With the exception of two samples that leaked during hot isostatic pressing (Schmidt et al., 

2008), which led to increased porosities, all samples with muscovite contents ≤ 70% 

display a linear trend. The projected density at 0% porosity is 2.70 g cm-3, which is close to 

the density of single crystal calcite (ρ = 2.71 g/cm3). The pure muscovite samples are 

slightly displaced with respect to the other samples but nearly parallel, where �(100% 

muscovite) = -0.031φ + 2.86. Although the latter trend is based on only three specimens the 

density deviates clearly from the other samples. The projected intercept at 0% porosity is 

2.86 g/cm3, which is close to the actual value of muscovite (~2.82 g/cm3; Schmidt et al., 

2008). 

4.1.4.2 Measured seismic velocities and anisotropy 

Seismic velocities, which were measured parallel and normal to the axis of 

compression, are listed in Table 4.1 with their respective errors and illustrated in Figure 4.5  
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y = -0.0244x + 2.7048
R2 = 0.9982
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Figure 4.4: The calculated porosity; the solid line is a linear fit to the data, excluding the three 
data points which contain 100% muscovite. 

(a, b) . Seismic velocities display an inverse relationship to the muscovite content, where 

increasing muscovite content leads to a decrease of P- and S-wave velocities. The degree of 

sample compression also influences VP0 and VS0, and greater compaction generally leads to 

increased velocity parallel to the foliation plane and decreased velocity normal to the 

foliation. VP0 is highest normal to the axis of compaction for specimen 5-40N (5% 

muscovite, 40 MPa load) and lowest parallel to the compaction axis for 70-20 (70% 

muscovite, 20MPa load; Fig. 4.5a). Velocities are consistently higher compression axis 

compared to parallel with the compression axis, giving rise to a seismic anisotropy. VS0 

displays a similar trend as VP0. Highest VS0 are recorded for a specimen that contains 10% 

muscovite, compressed with 100 MPa uniaxial load, drilled parallel to the foliation plane. 

The lowest shear wave velocities are attained in a specimen with 70% muscovite content, 

compressed with a 20 MPa uniaxial load normal to the plane of foliation. The error bounds 

are greater for compressional waves compared to shear waves, indicating higher 

uncertainties for the determination of P-wave velocities. 
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Figure 4.5: Experimentally determined (a) VP0 and (b) VS0. The error bars represent the size 
of the fiducial limits of the fitted regression at room pressure. 

The seismic anisotropy increases with increasing muscovite content. Anisotropy of P- 

and S-waves could be determined for seven synthetic samples (Fig. 4.6a; Table 4.1). In 

general the anisotropy is high for samples with high muscovite content and high UCP 

loads. The measured S-wave anisotropy does not refer to the shear-wave splitting, but 

rather to the percentage difference for S-wave measurements normal and parallel to the axis 

of compression. This definition is used because only one shear-wave was measured in the 

plane normal to the compression axis, polarized in the plane perpendicular to the symmetry 

axis (therefore being the fast S-wave); the perpendicularly polarized shear-wave was not 

measured in the foliation plane, but is expected to have similar velocity to a shear-wave that 

propagates along compression axis since the material is transverse isotropic (see for 

example work of Thomsen,1986; Hornby, 1998; Gautam and Wong, 2006). Specimen 10-

100 (10% muscovite content, pressed with 100 MPa load) deviates from this trend, and 

displays a greater anisotropy for both VP0 and VS0 than expected from the overall trend of 

other specimens. VP and VS anisotropies are positively correlated among the specimens that 

were investigated (Fig. 4.6b), although the best fit line (R2 = 0.89) for the two data sets do 

not intersect the origin, since the anisotropy of VP is higher than the anisotropy of VS. 

Shear-wave splitting is not observed along the compression axis (axis of symmetry), as is 

expected in a transverse isotropic material. 
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Figure 4.6: (a) Measured seismic anisotropy for VP and VS, displayed for different applied 
uniaxial stresses; (b) Anisotropy of VP shown as a function of anisotropy of VS. Dotted line 
represents the 1:1 line. 

4.1.5 Calculated seismic velocities and elastic constants 

Calculated VP and VS are listed in Table 4.2, parallel and perpendicular to the axis 

of compression, and are shown using cross-sections of equal angle projections on which the 

seismic velocities are plotted (divided into 5° × 5° areas), as presented in Figures 4.7 and 

4.8. Each cross-section represents a velocity profile from parallel to perpendicular to the 

axis of compression. The sections display VP and VS velocities that are higher normal (90°) 

compared to parallel (0°) to the compression axis. The difference becomes more 

pronounced with increased UCP load and mica content.  

Normal to foliation VP varies between 6600 m/s to 4950 m/s and is largest for the 

100% calcite sample compacted with 20 MPa uniaxial load; the lowest VP normal to 

foliation is found for the two 100% muscovite samples compacted with 100 and 200 MPa 

uniaxial load. The fast (VS1) and slow (VS2) S-waves have similar velocities when 

propagating normal to the foliation plane without noticeable shear-wave splitting (dVS). 

Splitting becomes prominent when S-waves propagate in the foliation plane, which is 

typical for a transverse isotropic symmetry (e.g., Wong et al., 2008), and the intensity of 

dVS increases with higher muscovite content (Figure 4.8). Minor splitting is also observed 

at about 60 - 70° angles to the foliation plane. Shear-wave velocities normal to foliation  
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vary between 3440 m/s for 100% calcite compacted with 20 MPa uniaxial stress and 2870 

m/s for 100% muscovite compacted with 200 MPa. 

In contrast to waves propagating along the compression axis, seismic velocities within 

the plane normal to the compression axis are higher and increase with greater muscovite 

content (Table 4.2). The highest VP and VS1 are found for 70% muscovite content. Note 

that the slow S-wave (VS2) has similar velocities regardless of whether it is propagating 

parallel or normal to the compression axis, whereas the fast S-wave, VS1, varies with 

respect to its propagation orientation. 

The modeled seismic velocities display a wide range of anisotropy (Fig. 4.9a; Table 

4.2), from nearly isotropic in pure calcite pressed with 20 MPa uniaxial load (AVP = 1.5%; 

dVS = 30 m/s) to highly anisotropic for pure muscovite pressed with 200MPa uniaxial load 

(AVP = 38%; dVS = 1470 m/s). Samples pressed with 20 MPa are about 5% less anisotropic 

than samples that experienced larger loads (Fig. 4.9b). However, at higher loads the 

anisotropies are similar for samples with muscovite contents less than 50%, but differences 

between samples become apparent when the muscovite content increases above 50%. 

4.1.6 Discussion 

4.1.6.1 Elastic properties of the calcite-muscovite  

Figure 4.10a compares the seismic velocities that were measured on the calcite-

muscovite aggregates with the velocities computed from the texture data. Calculated 

velocities are consistently higher than measured data, indicating that the calculated values, 

which are based on the ODF, volume fraction of each mineral and their single-crystal 

elastic constants, overestimate the actual VP and VS; the difference is noticeably larger for 

VP than for VS. Calculated velocities do not consider the presence of pores, or any effect 

arising from microstructures in the aggregates (e.g., a matrix framework effect). VP 

anisotropy also shows a difference between the measured and modeled values (Fig. 4.10b), 

where for low muscovite content the disagreement is smaller than for high content. At 50 

and 70% muscovite content the modeled VP anisotropy values are clearly higher than the 

measured ones. 

The differences between experimentally determined velocities and calculated velocities 

are likely a consequence of the following effects: 
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1) The matrix framework, for which grain contacts are limited (granular-type) 

rather than inter-locking (crystalline-type), which affect the strength and seismic 

velocities significantly (Bernabé et al., 1992; Anselmetti and Eberli, 1993; 

Verwer et al., 2008).  

2) Porous spaces and cracks were not completely closed even at high confining 

pressures (>300 MPa), which reduce the measured velocities. For example, 

highly oriented thin cracks, parallel to the foliation, would reinforce the 

transverse isotropic mineral texture. Alternatively, spherical pores would have 

the opposite effect, since waves propagating parallel and normal to the 

compression axis would be equally affected by the porosity and may decrease 

the overall seismic anisotropy. The latter suggestion has been shown in 

calculated velocities for anisotropic rocks where the inclusions are spherical 

(Mainprice, 1997).  

3) Systematic inaccuracy in picking the arrival times of acoustic waves of the 

measured velocities and calibration errors, could lead to an error. Such errors 

usually do not amount to more than a ~1-2% error when the pulse transmission 

technique is used (Birch, 1960; Burlini and Fountain, 1993).  

Since any systematic inaccuracies in the experimental procedure would account for 1-2% of 

the discrepancies in velocities that are observed for our measurements (Fig. 4.8a, b), we 

consider explanations 1) and 2) as the main causes for the observed differences. In addition, 

it should be noted that since we use confining pressures up to 475 MPa the elastic constants 

of calcite and muscovite will change as a function of pressure. Dandekar (1968) listed the 

elastic constants for single-crystal calcite with respect to changing pressures, up to 600 

MPa. In general the pressure effect was small (~1.5% or less), except for the stiffness 

constant C13, which increased about 11% from room pressure to 600 MPa. Since we 

measure seismic velocities for cores drilled parallel and normal to the axis of symmetry in a 

transverse isotropic material, C13 is not likely to greatly influence the VP and VS in this 

sample arrangement. The effect of pressure on the elastic constants of muscovite is less 

well known, and no documented experimental data is currently available to the authors’ 

knowledge. We do not consider the change in elastic constants as a function of pressure to 

alter our interpretations over the experimental pressure range ( 475 MPa). 
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Figure 4.9: The texture derived anisotropy for (a) VP and (b) shear-wave splitting (dVS=VS1-
VS2) with respect to calcite-muscovite content. Samples compressed with various UCP loads 
are indicated in the legend. 
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Figure 4.10: (a) Measured (VP0 and VS0) and texture derived seismic velocities; (b) measured 
and texture derived VP anisotropies (AVP) as a function of muscovite content for various UCP 
loads. 

The matrix framework, in the sense of its petrographic classification, has been shown 

to depress seismic velocities in rocks due to the effect of grain boundary contacts (Verwer 

et al., 2008; Voltolini et al., 2009). An inter-crystalline framework with low porosity more 

effectively transmits the acoustic energy over grain boundaries and may more closely 

resemble the modeled seismic velocities. In other words, the material is stiffer in a 

crystalline solid, compared to a granular solid, not exclusively due to the differences in 

porosity of the two solids but in part due to the framework of the solid. Anselmetti et al. 
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(1997) found that seismic velocities in carbonates could differ as much as 2500 m/s from 

the expected seismic velocities, which they attributed to the amount of porosity in the 

carbonates and their diagenetic condition. In their study on mechanical compaction of 

carbonate muds, which had an initial porosity of about 60%, could not be reduced below 

25% at 170 MPa uniaxial pressure due to the packing of carbonate grains at high pressure. 

Verwer et al. (2008) similarly observed that carbonates with high porosity, supported by a 

granular framework were distinctly different with respect to seismic velocities and 

Poisson’s ratio to low porosity crystalline carbonates. Granular framework rocks have also 

been studied with respect to cementation of the matrix, and its effect on the strength and 

elastic properties. In a granular framework it appears that the amount of cement in the rock 

is less important than where the cement is located. Bernabé et al. (1992) observed that 

cement filling between the grain-boundaries stabilized the movement of grains and 

strengthened the rock more than the actual amount of cement. A cemented granular 

material, where grains are locked together, is effectively stiffer than for a material, in which 

the cement does not coat the grain boundaries (Dvorkin et al., 1991; 1994; Bernabé et al., 

1992; Den Brok et al., 1997).  For the samples used in this study, Schmidt et al. (2008) 

showed that only the pure calcite sample compressed with 400 MPa show evidence for a 

recrystallized microtexture, whereas samples that include muscovite do not display 

evidence for recrystallization subsequent to hot isostatic pressing. Most samples are 

therefore inferred to have a granular framework. Although we cannot quantify this effect, it 

probably contributes to the decrease in velocities, which are observed in the measured 

versus the modeled data. 

With regards to the amount of pore space, we observe that initial porosities are high, 

especially when the muscovite content is high. The amount, geometry and spatial 

distribution of pores and cracks will influence the VP and VS propagation, even at confining 

pressures up to 400 MPa. The velocity differences (ΔV = Vmodeled – Vmeasured) as a function 

of porosity display a non-linear relationship for both ΔVp and ΔVs (Fig. 4.11). 

An empirical power-law fit suggest that measured seismic velocities are greatly 

affected even by a small number of pores or cracks. It can be seen that the P-waves are 

more affected by the presence of pores than are S-waves. As mentioned above, the 

preferred orientation of pores and their shapes are known to affect travel-times of acoustic 
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waves (e.g., Birch, 1960; Nur and Simmons, 1969; Berryman, 1995). Specific pore shapes 

(i.e., aspect ratio) also influences the effective PC needed to close the pores or cavities in a 

dry rock (Jones and Meredith, 1998). Pore space anisotropy in the synthetic samples is 

inferred from the fact that we use uniaxial compaction during sample preparation, as well 

as from petrographic thin section images. The measured VP and VS are affected differently 

with regards to the amount of porosity, where VP shows a comparably larger decrease than 

VS. This behavior was observed by Nur and Simmons (1969) in experiments on low-

porosity granites. Anderson et al. (1974) have shown models where VS is less affected by 

the presence of cracks compared to VP. More recently Nishizawa and Yoshino (2001) and 

Sarout and Guéguen (2008a, b) have shown for modeled phase velocities in mica-rich rocks 

that cracks affect the P-wave velocities more than they affect S-wave velocities. Nishizawa 

and Yoshino (2001) observed a notable increase in P-wave anisotropy as thin or penny-

shaped cracks were added to the rock, whereas the S-wave anisotropy, i.e., the polarization 

of the S-waves is less affected. This effect, with S-waves being less affected by the increase 

in porosity, is also observed in our results for measured P- and S-waves (Figs. 4.5 and 

4.11), thus confirming the modeled results. 
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Figure 4.11: Difference between modeled and measured velocities (ΔV) as a function of 
porosity for VP and VS; the two datasets are fitted with a power-law function. 
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A recent study by Voltolini et al. (2009) showed that calculated velocities always 

overestimate the measured velocities for a set of synthetic kaolinite-illite-quartz aggregates. 

The authors measured seismic velocities only along the axis of compression and found that 

the measured velocities were commonly only half the modeled values. They attributed the 

difference due to properties of the matrix and porosity. Interestingly, their calculated VP 

anisotropy ranged from 0%, for pure quartz silt samples, up to 44% for pure clay samples 

compressed with a 50 MPa uniaxial load. This value is comparable to the average 

calculated anisotropy of 34% that we obtain for our synthetic samples containing 70 and 

100% muscovite. Shear-wave splitting also varied, being greatest at 1230 m/s, for the pure 

clay samples in the study of Voltolini et al. (2009), which compares well with our average 

value of 1.30 km/s for 70 and 100% muscovite content. The calculated velocities of the 

nearly isotropic quartz samples shown by Voltolini et al. (2009) also agree with the 

calculated low (a few percent) anisotropy of pure calcite samples presented as part of this 

study. Although calcite tends to have a preferred crystal orientation, its contribution to 

seismic anisotropy seems to be small in natural settings compared to minerals that display 

both grain shape anisotropy and high intrinsic anisotropy. (e.g., sheet silicates and clay 

minerals), as shown for example by Wenk et al. (2008). Voltolini et al. (2009) attributed 

differences between measured and calculated seismic velocities in their synthetic quartz-

illite-kaolinite samples to the amount of porosity and limited grain contacts, similar to this 

study. 

4.1.6.2 Seismic velocities in porous media 

In order to better constrain the effect of pores on the measured velocities of acoustic 

waves of the synthetic aggregates we consider modeling the porosity using effective 

medium theory. For this purpose two modeling schemes are used. The first model simply 

uses Voigt, Reuss, and Voigt-Reuss-Hill (VRH) averaging schemes. It is possible to use 

these schemes to predict seismic velocities based on the elastic tensor, which was 

previously calculated based on the modal composition of calcite and muscovite and their 

texture, and the amount of air-filled pores. The computation of the elastic properties for the 

solid were described in section 2.3 and results for the VRH average of the solid calcite-

muscovite mixtures were presented in section 4. The pores are considered to be filled with 
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air, and are given a bulk modulus of 1.42×105 Pa (1.4210-4 GPa) and a shear modulus of 

0; the density of air for the calculations is 1.2 kg/m3. The results obtained from these 

averaging schemes predict a large envelope of possible seismic velocities (Figure 4.12), 

since the elastic moduli of the solid and air-filled pores are very different. In addition the 

VRH estimates suffer from the drawback that no particular geometric inference can be 

made, either for the solid or the shape of the pores. 
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Figure 4.12: Seismic velocities predicted with the Voigt, Reuss and VRH averages, for P- and 
S-waves. The diagonal line represents the 1:1 correlation between measured and calculated 
seismic velocities. 

Because the elastic moduli of the two media are so different, we use a model that 

considers the geometric details of the solid (e.g., CPO), as well the shape of the pores in the 

solid. The pore- or crack-shape have a large influence on the elastic properties and seismic 

velocities in composite media as demonstrated in studies on the effect of inclusions, which 

has dominated the research of effective medium theory (e.g., Eshelby, 1957; Anderson et 

al., 1974). Here we adopt the differential effective medium (DEM) model, which takes into 
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account a heterogeneous background media, with triclinic symmetry, and inclusions with 

idealized ellipsoidal shape (the method is described in detail by Mainprice, 1997). 

A drawback of the DEM is that the inclusions are never considered to be connected, 

even at high concentrations, as is most likely the case for the porous framework. However, 

a connected pore framework is probably not different from the scenario of isolated pores in 

the current study, since the acoustic velocities were measured on samples in dry conditions 

and high frequency. The individual porosity for each sample in the calcite-muscovite series 

is considered to be ellipsoidal inclusions, presented in Figure 4.13 (a-f). Inclusions are 

aligned in the medium such that their long-axes are normal to the axis of compression, and 

vary from spherical (X:Y:Z = 1:1:1) to oblate rotational ellipsoids (X:Y:Z = 10:10:1). Only 

waves propagating parallel to the axis of compression are considered in Figure 4.13. 

Clearly, the more flattened the pores become, the larger is the decrease of the seismic. 

Linear fits to the data sets, which are anchored to intercept at zero, in Figure 4.13 (a-f) 

suggest that aspect ratios of pores between 3:3:1 and 4:4:1 are the most likely aspect ratios 

for the sample group as a whole, since the slope of the line between measured and predicted 

velocities is close to one. The resulting aspect ratio (i.e., closer to spherical pores rather 

than thin cracks) can be understood by considering the interaction of euhedral or tabular 

calcite crystals with the thin platelets of mica. Bayuk et al. (2007), who studied the 

effective medium of natural shale, concluded that aspect ratios of pores were about 10:10:1 

for their samples, due to the interaction of rounded grains of silt with platy clay particles. 

The stacking of plates together with spheres (or alternatively thin rectangular blocks or 

cubes) have also been considered in other works involving mica- and clay-rich rocks 

(Marion et al., 1992; Hornby et al., 1994; Crawford et al., 2008; Wenk et al., 2008), and the 

shape of the constituent grains is an important aspect of the physical properties of the 

matrix. However, it should be noted the aspect ratio of the pores likely changes as the 

composition of the aggregates changes. Here we have simply attempted to address the 

contribution of pores to the seismic velocities for the sample group. 
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Figure 4.13: Seismic velocities predicted with the differential effective medium (DEM) model, 
considering several different pore aspect ratios (α), for P- and S-waves. 

4.1.6.3 Implications for crustal rocks 

Rocks containing clay minerals and mica, for example shale and carbonates, are of key 

importance in oil and gas field reservoir exploration, engineering geology and sequestration 

of CO2 and radioactive waste products.  As a consequence the role of mica and clay 

minerals in rocks have received considerable of attention (e.g., Marion et al., 1992; Hornby, 

1998; Cholach and Schmitt, 2006; Ulm and Abousleiman, 2006; Bayuk et al., 2007; 

Crawford et al., 2008; Wenk et al., 2008). These studies all have the common goal to 

understand the contribution of mica and clay minerals to the overall rock elastic and 

mechanical properties, ranging from the macroscopic to the microscopic scale. Muscovite 

is a sheet-silicate, but the similar structural properties of illite and muscovite have 
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previously warranted the use of muscovite as an analogue for illite, especially since the 

elastic constants of illite are not known (e.g., Wenk et al., 2008). In the synthetic 

aggregates, muscovite has been shown to preferentially orient its basal plane normal to the 

axis of compression resulting from the platy shape of the grains. However, kinking is 

evident (Schmidt et al., 2008), indicating that muscovite undergoes brittle deformation 

during cold-pressing, and is not markedly affected by annealing when consolidated during 

hot isostatic pressing (~700 °C; 150 MPa). Twinning is the dominant deformation 

mechanism for calcite, and from observations of thin sections it appears that glide on the 

twin-planes has occurred during UCP of samples (Schmidt et al., 2008). From pole figures 

and the anisotropy of magnetic susceptibility, Schmidt et al. (2009) deduced a transverse 

isotropic texture. The method used to manufacture the synthetic aggregates display some 

processes analogous to nature, although importantly without a fluid component. For 

example, transverse isotropic textures are commonly observed in sedimentary rocks 

resulting from deposition and compaction of sediments (e.g., Johnson and Christensen, 

1995), such as in calcareous deep-sea sediments, for which the seismic anisotropy was 

studied by Carlson et al. (1984) and Carlson and Christensen (1979). These authors 

attributed seismic anisotropy recorded in deep-sea cores to burial depth, the layering effect 

of bedding, and a strong negative correlation between anisotropy and carbonate content. 

They observed that the anisotropy increased with greater sediment overburden and higher 

density of the sediment, as opposed to the influence of porosity, which lessened the seismic 

anisotropy. 

Valcke et al. (2006) used EBSD and X-ray diffraction goniometry methods to 

determine the texture and calculate the elastic properties and seismic anisotropy for various 

common sedimentary lithologies. They found that the main factor controlling the calculated 

anisotropy is the mineralogical composition of the rock. Phyllosilicate-rich rocks have 

larger anisotropies than quartz- and calcite-rich rocks, in large part due to the intrinsic 

physical properties of the sheet silicates. This feature is also observed in the calculated 

seismic anisotropies for our synthetic calcite-muscovite aggregates. In addition, Valcke et 

al. (2006) noticed that the constituent mineralogy of the sample influences the symmetry of 

the elastic anisotropy. Uniaxial compaction of phyllosilicates produces a strong transverse 

isotropic symmetry, as is described by the CPO, VP anisotropy and VS splitting. To a lesser 



134 ELASTIC PROPERTIES OF SYNTHETIC AGGREGATES 

 

extent the transverse isotropic symmetry is also demonstrated by the AVP in calcite and its 

symmetry. Although the mode of deformation is different in the synthetic aggregates, mica-

induced seismic anisotropy is important particularly in highly deformed areas such as shear 

or fault zones with strong preferred orientation of grains, which can attribute considerable 

to shear-wave splitting and P-wave anisotropy, (e.g., Burlini and Fountain, 1993; Jones and 

Nur, 1984; Nishizawa and Yoshino, 2001; Siegesmund and Kern, 1990).  
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Figure 4.14: The ratio of measured VP/VS, parallel and perpendicular to the foliation plane, is 
displayed against the sample muscovite content. Single crystal VP/VS for calcite and muscovite 
are indicated by stars. 

Finally we remark on the VP/VS ratio (Fig. 4.14), which is commonly used to 

discriminate lithologies. The variation in ratios for different lithologies is due largely to the 

differences in Poisson’s ratio for the responsible matrix minerals, which consist dominantly 

of calcite and quartz (i.e., carbonate versus sandstone; Guéguen and Palciauskas, 1994). 

Figure 4.14 shows VP0/VS0 ratios for the synthetic aggregates and these vary considerably 

for different calcite to muscovite ratios, as well as for the load used during UCP. Samples 

compacted with low pressures, i.e., 20MPa, show great scatter with respect to the 
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muscovite content. Limestone commonly displays VP/VS ~ 1.7 – 2.0, with P-wave 

velocities ranging from 4000 – 7000 m/s (Guéguen and Palciauskas, 1994). These values 

coincide well with the synthetic aggregates when the muscovite content is low (Fig. 4.14). 

Most of the synthetic samples have VP/VS ratios lower than 1.7, due to the high initial 

porosity. A consequence of the UCP and crystallographic preferred orientation, identified 

in both measured and modeled data, is the variation in VP/VS ratio with respect to the 

orientation of the foliation plane. The VP0/VS0 ratio is consistently higher perpendicular to 

the axis of compression, with differences up to 0.05 – 0.15 from parallel to the compression 

axis. Our results highlight that VP/VS is anisotropic, and is affected by composition, texture 

intensity and porosity, which is significant since this ratio is often used to separate 

lithologies (e.g., Mavko et al., 2009). 

4.1.7 Conclusions 

Seismic velocities have been measured and calculated from texture data for a set of 

synthetic calcite-muscovite aggregates. Velocities in the synthetic calcite-muscovite 

aggregates are comparable to calcite-bearing rocks with a granular petrographic framework 

(Anselmetti and Eberli, 1993), but are significantly different from low-porosity crystalline 

rocks, such as marbles or mylonites. We have shown that velocities obtained for samples 

with no or small muscovite contents compare reasonably well with published values for 

calcite and lithified carbonates. 

Three factors have been shown to influence the measured and modeled data. These are 

1) the ratio of calcite to muscovite, 2) the initial porosity of the samples subsequent to hot 

pressing and 3) the applied load during cold-pressing of the samples. In addition, it is likely 

that the elastic properties of the synthetic aggregates are controlled to some extent by the 

matrix framework, such as the particular grain-shapes of calcite and muscovite and grain-

boundary contacts, although we have not been able to quantify this effect. Seismic 

anisotropy in the calcite-muscovite aggregates increases systematically with increasing 

muscovite content and applied cold-pressing load. Samples with muscovite contents >5% 

are clearly affected by the increased amount of porosity, even when the confining pressure 

reaches 400 MPa. P-waves display greater differences for measured and calculated 

velocities, compared to the S-waves. The reduced P-wave velocities result from their 
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dependence on the bulk modulus, which in turn is dependent on the porosity and granular-

type framework of the aggregates; the bulk modulus is more affected by porosity and 

matrix framework than the shear modulus. 

Measured seismic anisotropies are consistently lower than velocities calculated from 

textures. The texture derived elastic properties must be considered, particularly when a 

medium is known to be anisotropic, but this may not be sufficient to explain elastic 

properties in materials with cracks or micro-porosity, containing air, gas or pore-fluids (or a 

mixture of these). However, model velocities based on texture and single-crystal elastic 

constants serve as a basis for building more extensive models, which consider pores, pore-

fluids and other matrix related factors. We have demonstrated that a good agreement 

between measured and calculated velocities can be found when accounting for the initial 

porosity of the synthetic aggregates, using a differential effective medium model.  
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4.2 Using differential effective medium theory and magnetic pore fabric 
analysis to calculate elastic properties of porous and anisotropic rock 
aggregates 

Bjarne S. G. Almqvist, David Mainprice, Luigi Burlini, Claudio Madonna, Ann M. Hirt 
In Press: Journal of Geophysical Research, doi:10.1029/2010JB007750. 
 

4.2.1 Summary 

A differential effective medium (DEM) model is used to predict elastic properties in 

porous and anisotropic aggregates, containing mixtures of calcite and muscovite. The DEM 

takes into consideration an anisotropic background medium with triclinic or higher 

symmetry, in which inclusions of idealized ellipsoidal shape are added incrementally. 

Inclusions are either a solid or “dry” pore; substituting a fluid in the dry pores is possible 

using the Biot-Gassman fluid-substitution equation. The preferred orientation of crystals in 

the background medium is characterized by neutron diffraction texture goniometry on 

calcite and muscovite from which it is possible to calculate the orientation distribution 

function (ODF) and predict elastic properties for the background material used in the DEM. 

The aspect ratio of the pores in the synthetic aggregate is estimated from the anisotropy of 

magnetic susceptibility (AMS) of a sample whose pore space has been impregnated with a 

colloidal ferrofluid. The AMS of the ferrofluid filled pores represents the average shape 

ellipsoid of the pore fabric, whose aspect ratio is used for the inclusions in the DEM. 

Aspect ratios (a/c with a = b  c) of the pores ranges from 1.08 for a pure calcite aggregate 

to 1.40 in an aggregate containing 30 % calcite and 70 % muscovite. Predicted 

compressional-wave velocities are consistently higher than experimentally measured 

velocities, by 0.5 – 1.0 km/s, whereas the predicted shear-wave velocities agree well with 

the measured velocities. The amount of ferrofluid that fills the pore space in the synthetic 

aggregates is dependent on 1) the ratio of calcite to muscovite, and 2) the load used to 

compact the synthetic aggregates. The ferrofluid does not enter all narrow pore-throats and 

cracks, leading to a bias of filling pores that are closer to spherical in shape. Ferrofluid 

impregnation indicates that aggregates with 70 – 100 % muscovite content and high 

compaction loads are less permeable than aggregates with intermediate muscovite content, 
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30 – 50 % muscovite, and low compaction loads, even though the highest initial porosity is 

found for samples containing 70 % muscovite. When the permeability of rocks is higher 

than about 10-17 m2, which includes the permeability for a large portion of natural rocks, 

magnetic pore fabric analysis is suitable for use with the DEM when predicting elastic 

properties. 

4.2.2 Introduction 

Effective medium theory is commonly used to predict seismic velocities in rocks from 

various geological settings, taking into account the crystallographic and shape preferred 

orientation of individual components in the composite material, their relative amounts, and 

their individual elastic properties (Mavko et al., 2009). Several modeling schemes are 

presently available for this purpose, and a large body of literature in the physical and 

engineering sciences has accumulated. The most general case for a geological material 

requires information on the volume fractions of each component (e.g., mineral phases) and 

their individual elastic properties (bulk and shear modulus). With this information it is 

possible to specify upper and lower bounds of the elastic moduli (i.e., Voigt and Reuss 

bounds, Hashin-Shtrikman bounds). However, further knowledge regarding the orientation 

distribution of minerals grains and inclusions can be used to provide more rigorous bounds 

for the calculated velocities, applicable to anisotropic elastic materials. Rocks in many 

geological settings are more complicated than current models can account for despite 

considering these additional parameters. Nevertheless, seismic velocity prediction with 

effective media theory is an important tool in rock physics. Empirical, heuristic and purely 

theoretical models that predict seismic velocities are frequently used in the petroleum 

industry (cf., Avseth et al., 2005), and in geodynamical models of the low-velocity zone at 

mid-ocean ridges (Walsh, 1969; Anderson et al., 1974; Mainprice, 1997), seismic 

anisotropy in subducting plates (Faccenda et al., 2008), dilatation phenomena occurring 

during earth quakes (e.g., Le Ravalec et al., 1996), and seismic properties of other deep 

earth settings (e.g., Wenk et al., 1988; Kendall and Silver, 1996; Berryman, 2000; 

Mainprice, 2007). In many cases effective media theory is useful to help predict seismic 

wave-propagation in rocks ranging from the Earth’s crust to the core, for which laboratory 

derived elastic properties are not available. 
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Various methods have been developed and employed to calculate elastic properties in 

porous media (see Mavko et al., 2009). Most models consider an isotropic background 

matrix, even though this is an exceptional case for mineral aggregates in most crystalline 

rocks. The simplest and rigorous predictions are Voigt and Reuss bounds, which provide 

upper and lower constraints on the elastic constants (Hill, 1952), but these consider only the 

volume fractions of each elastic component, which may have crystallographic preferred 

orientation (CPO), but not the shape-preferred orientation (SPO). When the difference in 

elastic properties between the two components (e.g., solid and gas, Mavko et al., 2009) is 

large, or the elastic anisotropy of components is strong (e.g., mica, Mainprice and Humbert, 

1994), widely separated upper and lower bounds are found. 

A more precise prediction of elastic properties can be made using a self-consistent 

(SC) effective medium model. Such a model considers the mixture of two or more 

components in the same manner as discussed above. Inclusions of these components are 

inserted to an unknown background medium, which is assigned an initial value (e.g., the 

Voigt average), and the SC solution is found by iteration. O’Connell and Budiansky (1974) 

popularized the SC approximation, by which the elastic moduli of dry or wet inclusions of 

specified shapes could be precisely calculated. Henyey and Pomphrey (1982) have, 

however, criticized the SC method by showing that the scheme developed by O’Connell 

and Budiansky does not properly account for the interaction among cracks. This has the 

effect of over-estimating the properties of the inclusion, particularly for high 

concentrations. They suggested instead using a modified self-consistent approximation 

whereby the elastic moduli are calculated using differential equations, appropriately termed 

the differential self-consistent approximation or differential effective medium (DEM). This 

method was initially used by Bruner (1976) for prediction of seismic velocities in 

geological materials. McLaughlin (1977) showed that DEM lies between the Hashin-

Shtrikman bounds for spherical inclusions. 

The DEM treats two components, one is the background and the other is the inclusion. 

Inclusions, of specific geometry, are added incrementally in small amounts, and the elastic 

properties of the effective medium are continuously updated before another increment of 

the inclusion is added. In the current work we employ the DEM to compute elastic 

properties for calcite and muscovite mixtures. The current work differs from previous 
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effective medium studies in the following: 1) most previous work considers the background 

medium to be isotropic, whereas in this study the DEM is computed for an anisotropic 

background medium (Mainprice, 1997); and 2) the effective medium for large volume 

porosities are computed, which is suitable for highly porous sedimentary rocks and 

unconsolidated sediments. Furthermore we compare the predicted seismic velocities with 

laboratory seismic velocity measurements on synthetic calcite-muscovite aggregates to test 

the DEM (Almqvist et al., in press; Chapter 4.1). These aggregates have been synthesized 

by compaction, resulting in transverse isotropic sample symmetry, although a material with 

lower symmetry, and hence a larger number of independent elastic constants, can also be 

considered. The physical characteristics of these synthetic rocks are well defined, and 

single-crystal elastic properties, modal fractions for calcite and muscovite, and their 

respective orientation distribution functions are well-constrained (ODF; Schmidt et al., 

2009; Almqvist et al., 2010b). The porosity has been measured, and the pore-shape 

geometry was mapped by impregnating the samples with ferrofluids and measuring their 

anisotropy of magnetic susceptibility (e.g., Pfleiderer and Halls, 1990; 1993; 1994; Hrouda 

et al., 2000; Benson et al., 2003; Louis et al., 2005; Jones et al., 2006; ). 

4.2.3 Modeling schemes 

In order to calculate the effective elastic moduli and seismic velocities we use a 

combination of techniques (Fig. 4.15), which include an initial calculation of the 

anisotropic background matrix, based on single-crystal elastic moduli and the orientation 

distribution function (ODF) if available. The differential effective medium (DEM) is then 

calculated to take into account porosity and pore-space geometry. As an option dry pores 

can be filled with a liquid using Gassmann’s fluid substitution equation, which provides 

low-frequency derived elastic moduli suitable for fluid-saturated media (e.g., Mavko et al., 

2009). The end product from the combination of these techniques predicts seismic 

velocities for an anisotropic effective medium, arising from both the background matrix 

and pore-shape geometry, with a focus on introducing empty, dry, inclusions into a solid 

background. The methodology for fluid substitution of the empty inclusion is provided in 

the discussion section. 
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Figure 4.15: Flow-chart of the modeling procedure. 

4.2.3.1 The solid matrix 

The solid matrix serves as the starting or background material, prior to adding pore or 

crack-like inclusions. It is anisotropic and described by a fourth rank elastic tensor, 

enabling the consideration of low-symmetry cases. Elastic moduli for the matrix are 

calculated based on single crystal elastic tensors of the minerals present in the sample, as 

well as their crystallographic preferred orientation (Mainprice and Nicolas, 1989; 

Mainprice, 1990; Mainprice and Humbert, 1994). In addition, the modal composition for 

each phase in the rock has to be incorporated into the calculation. 

Appropriate single-crystal elastic moduli have been taken from the literature, and for 

calcite we use elastic constants determined by Dandekar (1968) and Chen et al. (2001), and 

for muscovite the elastic constants provided by Vaughan and Guggenheim (1986). Both 

calcite and muscovite are strongly anisotropic with VP anisotropy above 30 % and shear-

wave splitting greater than 50 % for single crystals (Fig. 4.16). The modeled acoustic 

velocities for the solid matrix have been discussed in detail by Almqvist et al. (2010b, 

Chapter 4.1). 

4.2.3.2 The differential effective medium (DEM) 

As discussed above the DEM is based on adding inclusions in small, incremental steps, 

while continuously updating the elastic constants for the effective medium between each 

increment. The DEM is restricted to the mixing of two media, in contrast to the iterative 

self-consistent method, which can treat the mixing of more than two media. However, two  



142 ELASTIC PROPERTIES OF SYNTHETIC AGGREGATES 

 

7.67      

5.55      

Vp  Contours (km/s)

  Max.Velocity = 7.67      
  Min.Velocity = 5.55      

  Anisotropy = 32.1      %

5.8      
6.0      

6.2      
6.4      

6.6      
6.8      

7.0      
7.2      

2.14      

.00       

dVs Contours (km/s)

  Max.dVs = 2.14      
  Min.dVs = .00       

.2        
.4        

.6        
.8        

1.0       
1.2       

1.4       
1.6       

1.8       

8.14      

4.54      

Vp  Contours (km/s)

  Max.Velocity = 8.14      
  Min.Velocity = 4.54      

  Anisotropy = 56.7      %

5.5       
6.0       

6.5       
7.0       

7.5       

2.68      

.01       

dVs Contours (km/s)

  Max.dVs = 2.68      
  Min.dVs = .01       

.50       
.75       

1.00      
1.25      

1.50      
1.75      

2.00      
2.25      

(c) Vp Calcite single-crystal

(d) dVs Calcite single-crystal(b) dVs Muscovite single-crystal

(a) Vp Muscovite single-crystal

a

m c

a

m cc

c

a

b

a

b

 
Figure 4.16: Equal area stereographic projections for the compressional-wave velocity of 
single crystals of (a) muscovite and (c) calcite and for (b, d) maximum shear wave splitting 
(dVs) in these single crystals, respectively. Note the orientation of the crystallographic a-, b-, 
and c-axes; m is the pole to the trigonal prism. The angle between the crystallographic a- and 
c-axis in muscovite is ~95.5°, arising from its monoclinic symmetry. 

materials are often enough to model a geological system, and if more than two materials 

need to be considered it is possible to do the calculation by mixing two media, and applying 

the resulting media in subsequent DEM calculations. The DEM is computed using the 

formulation derived by McLaughlin (1977) for anisotropic elastic media where 

   i
DEM

i

DEM

A)CC(
)V(dV

dC





1

1
   (4.1), 

where CDEM is the elastic tensor of the effective media, V is the volume fraction of the 

inclusion, Ci is the elastic tensor of the inclusion, and Ai is a term that relates the strain 

inside the inclusion with the strain of the background matrix (Willis, 1977). Inclusions are 
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idealized ellipsoids with an arbitrary aspect ratio (a  b  c), where strain and stress are 

uniform at all points inside the inclusion (Eshelby, 1957). The differential effective medium 

requires the solution to be computed numerically, because of the arbitrary symmetry 

conditions imposed on the background matrix. As a result, when aspect ratios are large, i.e., 

a = b >> c, the computation becomes more computation-intensive. In return, any 

background symmetry can be considered, as well as any orientation and aspect ratio of the 

inclusions, providing a flexible combination to compute the effective medium. To illustrate 

the use of the DEM we have chosen two synthetic samples with well defined mineral 

composition, texture (CPO) and porosity. The first material is a nearly isotropic calcite 

aggregate that was compacted with a uniaxial stress of 20 MPa, and the second material is 

an aggregate of muscovite, which has a high intrinsic anisotropy (Schmidt et al., 2008; 

2009; Almqvist et al. 2010b, Chapter 4.1). 

Le Ravalec and Guéguen (1996) used the DEM to compute elastic constants for an 

isotropic solid matrix with inclusions of arbitrary ellipsoids. They were limited to aspect 

ratios, , of unity (spherical pores) or  10. Aspect ratios between 1 and 10 were thus not 

considered, where α is defined as α = a / c, and b = a, for a rotational oblate ellipsoid. The 

DEM used in this study is able to consider any aspect ratio of the inclusion including 

spherical pores. At low volume fractions of pores or cracks (1-5 percent), which are likely 

to be more realistic for most crystalline rocks, the velocity changes are more pronounced 

for high aspect ratios in Vp propagation direction normal to the crack symmetry plane Z, 

whereas dVs changes are more modest. In contrast for porosities typical of reservoir rocks 

(20-40 percent) Vp and Vs changes are already significant for aspect ratios 1 to 5. For high 

porosities characteristic of poorly compacted sediments (40-80 percent) the effect of low 

aspect ratio is of particular importance for dVs, which may be significant for carbonate 

reservoir rocks, such as chalk and mudrocks (Urmos and Wilkens, 1993; Røgen et al., 

2001; Mallon et al., 2005). Figure 4.17a and c display a scenario where we consider an 

aggregate of crystals, which all have the same orientation, effectively producing the same 

result as the elastic tensor of a single crystal. This can be considered an end-member upper 

bound for anisotropic medium. A perfect arrangement of crystals is very unlikely in a  
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Figure 4.17: (previous page): Compressional waves that propagate parallel (VpX) (solid line) 
and normal (VpZ) (dashed line) to the sample symmetry axis in single crystals of (a) 
muscovite and (b) calcite that contains porous inclusions of varying aspect ratio (α). The long 
axes of the pores are oriented normal to the sample symmetry axis (Z-axis). In (b) and (d) the 
maximum shear wave splitting (dVs) is shown for single crystals of muscovite and calcite, with 
dry inclusions of varying aspect ratios. Similarly, P-wave propagation and dVs are displayed 
in (e – h) for synthetic, compacted samples of muscovite and calcite with respect to sample 
symmetry axis. 

natural setting, although this scenario displays the effect of anisotropy of the solid matrix, 

and strong CPO’s can certainly result from natural deformation processes. The strong 

influence of CPO is illustrated in Fig 4.17e and f, where compacted muscovite and calcite 

aggregates show very different velocities parallel and normal to the axis of compaction, as 

well as from their intrinsic elastic single-crystal anisotropies. Shear-wave splitting (dVs; 

Fig. 4.17c, d) is also greatly affected by the variation in crack aspect ratio, with the added 

effect of anisotropy of the solid matrix. Notably, the evolution of dVs with increasing 

porosity is not simple in either material, but the high intrinsic anisotropy of the muscovite 

leads to a very large shear-wave splitting in the muscovite sample. The impact of CPO and 

crack-like inclusions is shown also in synthetic aggregates of muscovite and calcite, for 

which the anisotropy of the solid matrix is known (Fig. 4.17e-h). In these two samples it is 

notable that when aspect ratios of the included pores are small the anisotropy tends to 

decrease with increasing porosity in the case of muscovite (Fig. 4.17e, g). For the calcite 

sample (Fig. 4.17f, h), which has a very weak matrix anisotropy due to its CPO, pores that 

are spherical do not noticeably affect the seismic anisotropy, whereas pores that have 

slightly ellipsoidal aspect ratio (e.g., α = 2) increase the seismic anisotropy as the porosity 

increases. 

In Figure 4.18, the P-wave velocity and shear-wave splitting are shown as a function of 

crack geometry, for cracks that have their long-axes oriented normal to the symmetry axis 

(Z-axis) of the muscovite and calcite samples; the porosity is kept constant at 10%. VP 

varies most with respect to the aspect ratio when the waves propagate along the axis of 

symmetry, whereas the effect due to the cracks is much less evident in the plane normal to 

the symmetry axis. The compressional waves that propagate in this plane do not effectively 

“see” the cracks. The shear-wave splitting in the XY plane, however, increases as the 

aspect ratio of the crack becomes higher (i.e., cracks become flatter). Elastic wave-
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form. 
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Figure 4.18: Compressional-wave velocity and maximum shear wave splitting (dVs) as a 
function of varying pore aspect ratio, α, for single crystals of (a) muscovite and (b) calcite at 
constant porosity (φ = 10 %). X, Y, and Z refer to orthogonal sample axes, where X and Y are 
oriented in the plane normal to the symmetry axis of the sample, and Z is oriented parallel to 
the axis of symmetry. 

It is also possible to imagine a case where cracks form perpendicular to the bedding 

(i.e., with their long axes parallel to the compaction axis) due to a tensional regime parallel 

to the X-axis in the bedding plane (Fig. 4.19). In this case the cracks have their short axes 

parallel to the symmetry axis of the transverse isotropic solid matrix (the X-axis), whereas 

the long-axes of the cracks are oriented in a YZ-plane normal to the short-axis of the crack 

(see inset of Fig. 4.19); α = 10. The combination of an anisotropic solid matrix and planar 

cracks with orientations perpendicular to the transverse isotropic symmetry of the matrix 

give rise to a complicated behavior of the compressional seismic velocities along the three 

principal axes (X, Y, Z), and of the maximum observed shear-wave splitting (dVs) in the 

effective medium. The Vp in X-direction shows very strong influence of the cracks on 

propagation in direction normal to the crack symmetry plane, which mimics the behaviour 

previously documented for the Z-direction in Figure 4.17. The decrease of dVs for low 

porosities (<20%), followed by an increase illustrates the influence of the matrix anisotropy 

at low porosity and dominance of the crack anisotropy at high porosity. More complex 

scenarios can be further imagined, in which the lineation of the solid matrix is considered 
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(i.e., an orthorhombic symmetry), as for cracks oriented obliquely to the principal axes of 

the solid matrix.  
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Figure 4.19: P-waves that propagate along sample X-, Y- and Z-axes for single crystals of (a) 
muscovite and (c) calcite. Pores are oblate ellipsoids that have their short-axis aligned parallel 
to the sample X-axis; in (b) and (d) the corresponding maximum shear wave splitting (dVs) is 
shown for each of the single crystal. The dashed lines show the results from Figure 3 for the 
aspect ratio  = 10, as a comparison. 
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4.2.4 Deducing pore-shape geometry using ferrofluids 

As was shown in the previous section, the aspect ratio of pores and cracks has an 

important impact on the elastic properties of an effective medium. A small number of 

oriented flat cracks can, in fact, reduce the seismic velocities in a given direction of the 

medium by an amount that would require a much larger number of spherical pores. It is 

important to note that in natural geological settings idealized pore-shape does not exist, and 

rather the pore-space consists of a mixture of cracks and pores with irregular shapes. 

However, in order to be able to predict seismic velocities using effective medium theory it 

is necessary to assign specific and idealized ellipsoidal shape to the cracks and pores, 

providing a close approximation to the true shape of the porosity. 

There are several ways to obtain information on the pore-space geometry. Often 

geometry is determined by thin section analysis. Here we consider a method which involves 

saturating the pore-space with a ferrofluid by expelling the air from a sample under low 

vacuum conditions. A ferrofluid is a colloidal suspension of very fine-grained particles of 

magnetite (< 20 nm), whose magnetic moments are ideally non-interacting. The small 

grain-size of the particles in the colloid makes them unable to carry a stable permanent 

magnetization, in contrast to magnetite of larger grain-size. The particles have high 

magnetic susceptibility (k), and their magnetization (M) depends on the inducing magnetic 

field (H), such that M = kH. In a weak applied field (300 A/m) k is a second rank 

symmetric tensor that relates M and H, from which the anisotropy of magnetic 

susceptibility (AMS) for a sample can be determined. The eigenvalues and eigenvectors of 

the tensor provide the magnitude and directions of three principal axes (k1  k2  k3) of k, 

which can be represented geometrically by an ellipsoid. Hence, if a ferrofluid fills the pore-

space homogeneously, its AMS reflects the pore- or crack-shape by an idealized ellipsoid. 

Typically the shape of the magnetic susceptibility ellipsoid and the degree of anisotropy is 

presented in magnetic fabric studies. The ellipsoid shape is defined as, T = (2η2-η1-η3) / (η1-

η3), where η1 = ln(k1), η2 = ln(k2) and η3 = ln(k3), for which the susceptibility ellipsoid is 

oblate shape when T > 0 to 1, and prolate shape when T < 0 to -1 (Jelinek, 1981). The 

degree of anisotropy (Pj) is a measure of the magnitude of the magnetic anisotropy and is 

defined as 
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The bulk susceptibility is defined as k = (k1 + k2 + k3) / 3.  

The greatest obstacle faced when trying to relate the magnitude of the magnetic 

susceptibility principal axes to the actual pore-shape arises from the demagnetizing factors 

of magnetic particles in the ferrofluid. A particle that is uniformly magnetized actually has 

a lower measured susceptibility than would be expected if the origin of the susceptibility 

were strictly external (or by surface poles), due to an internal magnetic field which acts in 

opposition to the external part of the particle’s magnetization (Osborn, 1945; Stoner, 1945). 

To overcome this problem, Hrouda et al. (2000) suggested using the equivalent pore 

concept (EPC), which is based on the work done by Stacey (1960) to determine the true 

axial ratio of magnetic particles. In principle, the EPC attempts to remove the effect that 

arise from the demagnetizing factors on the measured k, in order to obtain the principal 

axes of intrinsic susceptibility (ki), whose values provides an estimation of the bulk pore-

shape. The measured bulk susceptibility (k) is related to the intrinsic susceptibility such that 

   k  ki /(1 Nki)      (4.3), 

where N is demagnetizing factor. In the case of a sphere, the N is 1/3 (Uyeda et al., 1963). 

The EPC can be applied with little effort in the case of an undiluted ferrofluid with a 

susceptibility less than 3 SI (e.g., Hrouda et al., 2000; Benson et al., 2003; Jones et al., 

2006), but the large susceptibility carried by a pure ferrofluid can result in instrumental 

problems, as the instrument may become saturated by the strong ferrofluid signal. For this 

reason it may be preferable to measure a ferrofluid that has been diluted, or for samples that 

have smaller size. Jones et al. (2006) showed that due to the variation in intrinsic 

susceptibility with various dilutions (fraction host medium to ferromagnetic particles) it 

becomes necessary to use a correction for the concentration effect when applying the EPC. 

However, in order to avoid a correction factor, the sample size was reduced rather than 

diluting the ferrofluid. From the intrinsic susceptibility of the ferrofluid an EPC chart can 

be computed specific to the ferrofluid. For this purpose we adopt the MATLAB routine 

written by Jezek and Hrouda (2007) to calculate the EPC based on the intrinsic 
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susceptibility of the undiluted ferrofluid used in our experiments. This MATLAB routine, 

SUE.m, is available through the EarthRef.org digital archive. 

Despite the experimental challenges presented above, using the EPC is a viable 

alternative to obtain bulk estimate for the geometry of the pore-space. The EPC is less time 

consuming than alternative methods (e.g., image auto-correlation with thin-sections, Hg-

injection, tomographic methods) and directly provides an ellipsoidal form for the pore 

shape required for DEM modelling. 

4.2.5 Elastic moduli of porous, anisotropic calcite-muscovite aggregates 

Schmidt et al. (2008) described the procedure for the fabrication of a set of synthetic 

aggregates of calcite and muscovite. These mixtures were compacted with varying uniaxial 

loads, ranging from 20 – 400 MPa, to produce samples with different texture strengths. 

Each sample was afterwards hydrostatically pressed at a confining pressure of 150 MPa and 

a temperature of 670 °C. The crystallographic preferred orientation (CPO), which is used 

for the seismic velocity calculations, was measured with neutron diffraction (Schmidt et al., 

2009). Seismic velocities were measured using a Paterson gas-medium apparatus 

specifically equipped for ultrasonic measurements (cf. table 1 of Almqvist et al., in press, 

Chapter 4.1). 

4.2.5.1 Ferrofluid measurements 

Samples were impregnated with an oil based ferrofluid, EMG 905, in its undiluted 

state. The synthetic samples were impregnated in a vacuum of approximately 10-3 Pa for 

about 20 hours. The degree to which the ferrofluid saturated the samples was determined by 

measuring the initial mass of an oven-dried specimen, and comparing it with the mass after 

impregnation with the ferrofluid. Using the density of the fluid it was possible to calculate 

the amount of fluid entering the sample (Table 4.3). After the sample impregnation the 

anisotropy of magnetic susceptibility (AMS) was measured (e.g., Pfleiderer and Halls, 

1990; 1994; Benson et al., 2003; Louis et al., 2005). The AMS reflects the amount and 

distribution of the ferrofluid, which has filled pores and cracks in the sample, since the fluid 

carry strongly magnetic particles in comparison to the weakly paramagnetic and 

diamagnetic mineral susceptibilities of muscovite and calcite. The bulk susceptibility of the  
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fluid-filled specimens is more than three orders of magnitude or higher than the samples in 

a dry state (Table 4.3). 

AMS measurements, subsequent to impregnation with the ferrofluid, display a 

consistent magnetic fabric for all specimens where the k3 axis is normal to the foliation 

plane and the k1 and k2 axes are dispersed in the foliation plane, producing of a planar 

magnetic fabric. With the exception of samples with 5% muscovite, the AMS ellipsoids are 

close to rotational oblate shape, indicating that the porosity has a transversely isotropic 

symmetry for all samples, with the symmetry axis normal to the foliation plane (Fig. 

4.20a). The amount of ferrofluid saturation, as inferred from the bulk susceptibility (Fig. 

4.20b), depends on the sample composition and the load used to compact the samples. To a 

lesser extent the ferrofluid also depends on the initial sample porosity, which was highest 

for 70 % muscovite content with a porosity of 20 – 25 %. The highest bulk susceptibility is 

recorded for samples with 50 % calcite and 50 % muscovite. Samples with pure muscovite 

composition display similar bulk susceptibilities as pure calcite samples, even though the 

porosity is 12 – 14 % in the former and 3.5 – 4 % in the latter. In contrast, the degree of 

anisotropy (Pj) is higher with increasing muscovite content, as well as with increasing 

volume of pores (Fig. 4.20c). It can be inferred therefore that the shape of pores is 

dependent on the amount of muscovite and the compaction load. The AMS shape ellipsoids 

are nearly rotational oblate for the entire group of samples (Table 4.3). Based on the 

intrinsic susceptibility of the EMG 905 ferrofluid, 3.707 SI (Hrouda et al., 2000), it is 

possible to employ the EPC to compute the actual shape of the pores filled by the 

ferrofluid. The results of the EPC are shown in Figure 4.20d, indicating that pores have an 

aspect ratio  < 2 for all samples, and are nearly rotational oblate (a ~ b > c). 

4.2.5.2 Aggregate effective elastic properties 

Elastic properties are first calculated for the solid matrix, as described above, using the 

single-crystal elastic properties, the calcite and muscovite volume fractions, and CPO 

obtained from neutron diffraction measurements. The results for the modeled solid matrix 

have been presented in Almqvist et al. (2010b: table 1, Chapter 4.1). Not surprisingly the 

samples that have high muscovite content and compacted with a large uniaxial load display 

a larger anisotropy compared to samples with high calcite content, and a small applied 
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uniaxial load. The highest VP velocities are found in the plane perpendicular to the 

symmetry axis, which is also the compression axis; this plane also produces the largest 

velocity differences between the fast and slow shear-waves (VS1 and VS2), i.e., maximum 

shear-wave splitting. A comparison of measured and predicted seismic velocities, without 

considering porosity, is shown in Figure 4.21a. Predicted velocities are always higher than 

those obtained from measurements as expected. 
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Figure 4.20 (previous page): Results from the ferrofluid impregnation experiments, (a) equal 
area projection with axes of maximum (k1), intermediate (k2) and minimum (k3) susceptibility. 
X, Y and Z refer to sample coordinate system described in the text and in Figure 4.17, (b) The 
bulk susceptibility as a function of sample composition, for various uniaxial loads used during 
sample manufacturing, (c) The degree of anisotropy (Pj) as a function of sample composition, 
for various uniaxial loads used during sample manufacturing, and (d) the application of the 
equivalent pore concept (EPC), showing the aspect ratio of pores, derived from the AMS 
measurements of the ferrofluid-filled samples, as a function of sample mineral composition 
and uniaxial loads used during sample manufacturing. 

The elastic properties for the effective medium is calculated by considering the 

porosity and the pore-shape, and using the DEM. Porosity, in general, increases with higher 

muscovite to calcite ratio, with the notable exception of pure muscovite samples. The pore-

shape, deduced from AMS measurements of the ferrofluid-filled samples, is nearly 

spherical but varies slightly depending on sample compaction load and composition (Table 

4.3). The known porosity and pore axial ratios are used as input parameters for the DEM, 

and the pore-filling medium is air, which is assigned elastic moduli of 0 GPa (strictly the 

adiabatic bulk modulus of dry air is 1.42 x 10-4 GPa), and a density of 1.2 kg/m3. The 

combined calculations for: 1) the solid matrix; and 2) the incorporation of dry pores with 

the DEM provide the complete anisotropic 4th rank elastic tensor. VP and VS derived from 

the DEM moduli are presented in Table 4.4, and compared with measured VP and VS (at 

300 MPa) in Figure 4.21b. Note that the measured velocities listed in Table 4.3 and Figure 

4.21 (a, b) were obtained at 300 MPa confining pressure, and the porosity has decreased 

slightly during measurements, which is assumed based on increasing velocities at higher 

confining pressure, but these measurements provide a first order comparison with the DEM 

computed velocities. The porosity used in the DEM calculations is the porosity that is 

measured subsequent to the experimental run, in order to get as close to the actual porosity 

at a confining pressure of 300 MPa. As is seen in Table 4.3, the permanent reduction in 

porosity after the experiment is generally between 1 – 2 %, differing little with sample 

composition. 

4.2.6 Discussion 

A differential effective medium (DEM) model has been applied to predict seismic 

velocities in porous aggregates consisting of compacted mixtures of calcite and muscovite.  
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Figure 4.21: Predicted compressional- and shear-wave velocities are shown against measured 
velocities, based on (a) the solid matrix, and (b) the solid matrix plus the inclusion of pores 
that have aspect ratios based on the EPC. 

Due to uniaxial compaction these aggregates have a transversely isotropic symmetry, as 

shown previously by texture measurements, anisotropy of magnetic susceptibility and 

acoustic velocity measurements (Schmidt et al., 2008; 2009; Almqvist et al., 2010b). The 

initial porosity was high after sample synthesis (Table 4.3), and has a strong influence on 

the propagation of P- and S-waves. The DEM is able to consider 1) an anisotropic 

background matrix and 2) inclusions of specific, idealized, ellipsoidal geometry. The 

average pore geometry has been inferred by filling the empty pores with a ferrofluid and 

measuring the anisotropy of magnetic susceptibility of these ferrofluid-impregnated 

samples. 

The compaction procedure of the synthetic samples suggests that the pores are shaped 

as flattened ellipsoids, with long-axes in the plane normal to the axis of compaction. In the 

work of Almqvist et al. (2010b: fig. 13, Chapter 4.1) an attempt was made to find the pore-

shape that best explained the reduction in compressional and shear velocities, where several 

different aspect ratios are assigned to the pores. The agreement between experiment and 

model calculations is best for pore-shapes between 3:3:1 and 4:4:1, suggesting that this is 

closest to the volumetrically averaged aspect ratio of the pores sampled by the ultrasonic 

elastic waves when the complete sample set is considered. Several effects influence the 
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shape of the pores in the synthetic aggregates, including a mixture of grains with platy and 

euhedral character (muscovite and calcite), several different compositions, and also the 

different uniaxial loads used during synthesis. 

Prediction of the seismic velocities with the DEM, using the axial ratios of pores based 

on the EPC, do not fully explain the low measured seismic velocities in the case of 

compressional waves, but do agree with measured shear wave velocities, although these are 

clearly less sensitive to porosity. Two reasons are likely for the underestimation of the 

modeled velocities, 1) the ferrofluid has not fully saturated the samples, and the porous 

spaces that filled are biased towards spherical pores, and 2) micro-structural properties that 

are not incorporated in the DEM are responsible for lowering the compressional wave-

velocities. A further explanation may be related to velocity reduction due to the granular 

grain contacts (e.g., Almqvist et al., 2010b, Chapter 4.1; Wenk et al., 2008; Voltolini et al., 

2009). 

4.2.6.1 Ferrofluid transport properties 

The pores of the specimens are not completely filled with the ferrofluid during vacuum 

conditions. Two questions arise with regards to the ferrofluid experiments. First, why are 

the specimens not completely saturated by the fluid? Second, where in the samples is the 

ferrofluid hosted? In addition, the bulk susceptibility indicates that there are compositional 

and compaction effects, which inhibits ferrofluid saturation, particularly when the 

muscovite content is high (>50%). It is therefore important to address the question as to 

whether some pores are filled preferentially to others, and why this occurs, in order to 

validate the use of ferrofluids as a proxy for pore shape. Previous work by Hrouda et al. 

(2000) and Jones et al. (2006) illustrated that the use of ferrofluids to saturate ceramics and 

polycarbonate cylinders with known pore aspect ratios and pore geometry could be used 

successfully to recreate the actual pore shape of the specimen. However, in the case of 

Jones et al. (2006), the study considered specimens with large pores (mm-scale), which the 

ferrofluid could easily fill during their experiments. In the work of Hrouda et al. (2000) the 

pore-size was not specified. Pfleiderer and Kissel (1994) showed for a set of siltstones that 

the amount of ferrofluid that entered the samples during impregnation is directly related to 

the bulk susceptibility. They were able to successfully impregnate the siltstones with 
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ferrofluid despite that the permeability of these rocks sometimes can be as low as 10-16 – 

10-17 m2. Permeability on this order and higher includes a large portion of rocks, with the 

exclusion of rocks hosting minerals that reduce permeability such as fine-grained shale and 

chalks (Mallon et al., 2005), and rocks with intrinsic low permeability such as fresh 

granites. The amount of ferrofluid in the samples and the sample porosity can therefore be 

used to provide insight on the permeability, or transport properties of the ferrofluid, in the 

synthetic samples (Fig. 4.22). From Figure 4.22 it is possible to infer samples which are 

easy to impregnate relative to their total porosity, since all samples were impregnated with 

the ferrofluid under similar conditions. For example, samples that contain 30 % and 50 % 

muscovite have large bulk susceptibilities after ferrofluid impregnation. However, the 

highest total porosity belongs to samples containing 70 % muscovite. The composition 

therefore plays an important role for the permeability of the samples, where high muscovite 

content reduces permeability significantly. This is seen particularly for samples containing 

100 % muscovite, where the bulk susceptibility is very low (137010-6 – 332010-6 SI; 

Table 4.4), relative to their total porosity. The compaction load used during synthesis is the 

second factor that influences sample permeability. Samples that were compacted with large 

loads (100 and 200 MPa) have consistently lower bulk susceptibilities than samples 

compacted with small loads (20 MPa). 

From the observations above this implies that the amount of ferrofluid that 

impregnated the samples depends on: 1) the composition of the specimens; and 2) the load 

used to compact specimens during synthesis. The first effect can partly be explained by the 

large difference in shape between calcite and muscovite. The compaction of increasing 

amounts of muscovite, being a thin platy mineral, decreases the size and aspect ratio of the 

pores and pore throats, and reduces the permeability of the specimen. The degree of 

anisotropy increases with high muscovite concentrations and this may influence the ease 

with which the ferrofluid is able to flow through the pore network, as reflected by the lower 

bulk susceptibility of specimens with 70 % and 100 % muscovite composition. The 

increasing compaction load used during synthesis also appears to inhibit the flow of 

ferrofluid during vacuum conditions, although this effect is less readily identified, since the 

initial porosity also decreases with increasing compaction load. The ferrofluid flows most 
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easily through large pores and cavities, and occupy pores with near spherical aspect ratio, 

whereas the fluid is restricted to enter narrow pores with small aspect ratios during 

imbibition. When measuring the AMS this leads to a bias towards pores with aspect ratios 

that are near spherical, which helps explain why aspect ratios predicted by the EPC does 

not fully explain measured seismic velocities to those predicted by the DEM. 
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Figure 4.22: (a) The bulk susceptibility measured after ferrofluid impregnation as a function 
of the total sample porosity. Numbers next to the symbols indicate the percentage of 
muscovite, for different uniaxial compaction loads used during manufacturing. (b) Illustrate 
the normalized bulk susceptibility to porosity (k / φ) as a function of vol% mica. The gray 
inset box represents the 30 – 40 % kaolinite threshold observed by Crawford et al. (2008). 

The results presented here are supported by a study on the porosity and permeability of 

synthetic mixtures of quartz and kaolinite by Crawford et al. (2008), which served as 

analogues for fault gouges with varying clay contents. They observed a decrease in 

permeability which did not dominantly depend on the porosity amount, but instead on the 

ratio of kaolinite to quartz and effective pressure (i.e., the confining pressure minus the 

pore fluid pressure). At low kaolinite content, 20 – 40 vol%, the effective pressure was the 

most important parameter for controlling the permeability, whereas for higher 

concentrations of kaolinite the impact of the clay particles themselves were more important 

for the observed permeability. In a plot of permeability as a function of clay content (cf. fig. 

9: Crawford et al., 2008) they observe a threshold value for the change in slope of the 

permeability between 30 – 40 vol% kaolinite, at which the dependence of permeability on 
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clay content changes slope. Judging from the data in Figure 4.22 (a, b), samples containing 

between 30 and 50 % muscovite display the highest magnetic susceptibility (i.e., 

permeability) with respect to the porosity amount, a threshold value that is in remarkable 

agreement with the results of Crawford et al. (2008). Figure 4.22b shows the normalization 

of bulk susceptibility to porosity (k / φ) as a function of vol% muscovite mica, where the 

normalized value is indicative of permeability. The gray box in this figure outlines the 

permeability threshold of Crawford et al. (2008). 

Another factor, which may play a significant role for ferrofluid impregnation, is the 

wettability of the porous calcite-muscovite aggregates with respect to the oil-based 

ferrofluid (e.g., Abdallah et al, 2007). The degree of wettability can be assessed by 

observing the contact angle between a droplet of the pore fluid and the solid. If the surface 

is hydrophilic (i.e., fluid is attracted to the surface of the solid) the droplet will spread 

across the solid surface producing a low contact angle, whereas if the surface is 

hydrophobic the droplet will minimize its contact area to the surface and the contact angle 

will be large. The wettability affects the imbibition of the sample. Carbonate surfaces tend 

to be positively charged and therefore prone to be oil-wet, having a small contact angle and 

therefore high wettability with respect to an oil (Leslie Zhang et al., 2006). In contrast, 

mica has negative surface charge and therefore displays a smaller contact angle with 

respect to the oil-based ferrofluid (Liu and Buckley, 1999). Increasing amounts of mica will 

decrease the wettability of the solid surface, and in such a way potentially decrease the 

permeability of the synthetic samples. 

4.2.7 Conclusions 

Effective medium calculations are used to predict elastic properties of materials. Many 

different theoretical treatments exist, including Voigt, Reuss and Hill estimates, Hashin-

Shtrikman bounds, and self-consistent approximations. A type of self-consistent 

approximation has been applied in the current work, which considers the interaction of two 

materials, one being the background matrix and the second being the inclusion. Inclusions 

are incrementally added to the background matrix, whereby the effective material 

properties are continuously updated; the differential effective medium (DEM). It is possible 

to consider a background material with triclinic or higher order of symmetry, and inclusions 
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of a specific ellipsoidal shape and orientation with respect to the background matrix. 

Although the DEM is not suitable for inclusions of fluids, since it is considered as a high-

frequency model, it is possible to calculate the effective medium for a “dry” material, and 

subsequently substitute the fluid using the Biot-Gassmann fluid substitution equation (e.g., 

Le Ravalec and Guéguen 1996; Mainprice, 1997). 

The DEM has been applied to predict the elastic properties of synthetic aggregates 

composed of mixtures of calcite and muscovite. The method of fabrication of the synthetic 

aggregates results in an anisotropic medium with varying porosity depending strongly on 

the ratio of calcite to muscovite. Using neutron diffraction texture goniometry the 

orientation distribution functions for calcite and muscovite was determined, and from these 

it is possible to calculate the composite elastic properties for the pore-free background 

matrix. Inclusions are added incrementally as empty, “dry”, pores. Pore shape is inferred 

from the AMS of samples impregnated with a ferrofluid. The ferrofluid is strongly 

magnetic, and its anisotropy of magnetic susceptibility provides the volumetric average 

aspect ratio of the pores and cracks that make up the porosity of the samples. Pore shapes 

vary as a consequence of the calcite to muscovite ratio, and uniaxial stress used to compact 

the synthetic samples. 

The predicted elastic properties for the synthetic samples are compared with laboratory 

acoustic measurements. Predicted velocities are consistently overestimated if considering 

only the elastic properties and symmetry of the pore-free background matrix. Predicted and 

seismic velocities agree well when inclusions with preferred shape are introduced using the 

DEM. Pore shape inferred from measurements of magnetic susceptibility of ferrofluid filled 

samples produce ellipsoid with aspect ratios ranging between 1.01:1 (a = b  c) and 1.5:1. 

In order to obtain good agreement with the measured Vp, an aspect ratio of the pores 

between 3:1 and 4:1 is needed. Determining the pore shape using ferrofluid measurements 

is best utilized for samples with high porosity and permeability and together with the DEM 

provides a powerful combination to predict elastic properties in elastically anisotropic 

media. 

For rocks containing small volumes of cracks or pores, such as in the case of most 

crystalline rocks, high aspect ratios (α > 10) have the strongest impact on the anisotropy of 
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P-waves, although the impact is comparatively smaller with respect to maximum shear 

wave splitting (i.e., Vs propagating parallel to the plane of the crack). In contrast spherical 

pores at low crack volumes have a weak influence on Vp and Vs anisotropy. At higher 

volumes of pores, relevant for reservoir rocks (20 – 40 %), smaller aspect ratios, between 1 

to 5 produce significant Vp anisotropy and dVs. With pore volumes > 40 %, dVs appear to 

become particularly important, such as for loosely consolidated sediments, chalk and 

mudrocks. 
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4.3 Ferrofluid density contrast with x-ray tomography  

In order to independently investigate the ferrofluid impregnation we have used X-ray 

computed tomography (micro-CT). For this purpose a SkyScan 1172 high-resolution 

desktop scanner was used (SkyScan NV, Kontich, Belgium). The system is equipped with a 

100kV X-ray source and a 10 Megapixel CCD camera. 

The attenuation of X-rays is related to the density contrast of the material. Therefore, 

we can compare the tomography measurements performed on a dry sample and a ferrofluid 

saturated sample. Two cores of 6mm diameter and 4mm length from the same sample were 

used for the measurements. The samples had a compostion of 70 vol% muscovite and 30 

vol% calcite, and have been compacted with 20MPa uniaxial load. The initial porosity of 

this sample is 24.5 %.  

The samples were scanned with a tube voltage of 81 kV and a current of 109 µA, a 0.5 

mm Al filter, the rotation step size was 0.31° at a full 360° rotation. At these operating 

conditions the resulting pixel size was 1.95 µm. Transmission images were reconstructed 

using SkyScan’s NRecon cluster software v1.6.1 (SkyScan NV, Kontich, Belgium). The 

artifact correction parameters were set to 6 (ring artifact correction) and 32% (beam 

hardening correction). For each core, the complete dataset is composed of 1400 cross 

sections. 

Figure 4.23 (a, b) illustrate two cross sections of the raw data for the dry and ferrofluid 

saturated cores. In general the pore size is less than 30um and homogeneously distributed. 

After impregnation there was a clear visual difference in the bulk absorption between the 

cores. Most of the ferrofluid is located in the rim of the sample, although, some of the fluid 

appears to have migrated to the center of the core. At present we must evaluate whether this 

is due to real ferrofluid distribution or, alternatively, due to uncorrected beam hardening. 

To quantitatively compare the dry and saturated sample we calculated the 

attenuation coefficient, which provides an indication of the bulk material density (Fig. 

4.23c). Comparatively, the ferrofluid-saturated sample displays a higher bulk attenuation 

coefficient, which indicates that the sample has an overall higher density. Since both cores 

have been scanned and reconstructed under identical conditions, we can largely attribute 

the increase in x-ray attenuation to the ferrofluid. 
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Figure 4.23: X-ray tomographic cross sections of (a) the dry core and (b) the ferrofluid-
saturated core. The images show the plane of compaction; the color legend indicates high 
versus low attenuation of X-rays. The light green halo at the fringe of the cores is due to 
unfiltered noise. (c) The intensity of attenuation is shown as a function of the attenuation 
coefficient. Note that the curve of the ferrofluid-saturated core is shifted towards the right 
indicating that the attenuation is higher for this core. 
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5.1 Physical anisotropies in a large scale ductile shear zone 

Bjarne S. G. Almqvist, Ann M. Hirt, Marco Herwegh, Andreas Ebert, Luigi Burlini 

5.1.1 Summary 

Seismic and magnetic laboratory measurements have been used to study tectonically 

deformed calcite mylonites along the Morcles Nappe shear zone in southwest Switzerland. 

The shear zone is exposed over a distance of 15 km, which enables sampling, and 

observation of microstructures and texture with changing strain and metamorphic gradient 

along the entire length of the thrust. Microstructures and texture of these mylonites develop 

principally as a function of 1) extrinsic physical parameters like temperature, stress and 

strain-rate, and 2) intrinsic parameters, such as the presence of second-phase minerals. The 

peak metamorphic temperature changes depending on the position along the thrust, whereas 

second-phase concentration is a lithological property and can differ from < 1 up to 40 vol% 

at a single location on the shear zone. Physical properties and their anisotropies (seismic, 

magnetic, crystallographic preferred orientation) were measured on selected samples of 

different lithologies from a single location on the shear zone in order to investigate the 

influence of second phases. Sampling was also performed at regular intervals along the 

shear zone. The physical anisotropies are small for rocks whose deformation is controlled 

by the presence of second phases, whereas the anisotropy is larger for increasingly pure 

calcite. Measured seismic P-wave anisotropy ranges from 6.5 % for second-phase rich 

mylonites to 18.4 % in mylonites with the smallest volume of second-phase minerals. A 

strain gradient is apparent along the basal shear zone, which is associated with the 

emplacement of the nappe. The lowest observed strain corresponds to peak metamorphic 

conditions of anchimetamorphism (~280 °C) and the highest observed strain at mid-

greenschist facies conditions (350 – 400 °C). The change in strain gradient is reflected by a 

systematic increase in texture strength and magnetic anisotropy towards the higher 

temperature and deeper part of the shear zone. Predicted seismic properties become 

increasingly anisotropic towards the high-strain part of the nappe, where the seismic 

anisotropy increases from 5.8 % in the least deformed area of the shear zone to 13.2 % in 

the root of the shear zone, based solely on the calcite texture strength. The inclusion of 10 

vol% aligned second-phase muscovite mica increases the predicted seismic anisotropy by 
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an additional 4 – 5 %. Magnetic and seismic anisotropy correlate, both mainly depending 

on the texture strength. 

5.1.2 Introduction 

Physical properties provide valuable information on the composition, fabric and 

rheologic state of rocks in the crust and deeper Earth. Such properties can include elasticity, 

magnetism, and thermal and electrical conductivities, which reveals specific information 

about the rocks under investigation. Physical properties of rocks commonly exhibit 

anisotropy, which principally arises from the crystallographic preferred orientation (CPO) 

of minerals. The relationship between physical properties and the CPO has long been 

recognized (e.g., Baker and Carter, 1972; Crosson and Lin, 1971; Mainprice, 2007; 

Mainprice and Humbert, 1994; Owens, 1974; Owens and Rutter, 1978; Wenk, 2002). Less 

well understood is the relationship between physical properties of a deformed rock and its 

microstructures, in terms of grain-size and grain-shape of minerals that constitute the rock. 

Indirectly there is an association between microstructures that form during deformation and 

the resulting CPO, due to the activated deformation mechanisms. The development of 

microstructures is dictated by several factors, e.g., the strain, temperature, strain rate and 

flow stress. In addition, the size and amount of second-phase minerals, i.e., minerals other 

than the matrix mineral, have a large impact on grain growth during static and dynamic 

recrystallization (e.g., Olgaard and Evans, 1986; 1988; Evans et al., 2001; Herwegh et al., 

2005; Ebert et al., 2007; 2008; Brodhag and Herwegh, 2010). Therefore recrystallization 

affects the CPO and correspondingly the rock physical properties. The amount, types, 

shapes and spatial distribution of second phases further contribute to the physical 

properties. For example, aligned sheet-silicate minerals have been shown to increase the 

seismic anisotropy in carbonate mylonites (e.g., Burlini and Kunze, 2000). 

The relationship between magnetic and seismic anisotropy can be shown based on 

physical properties measurements in a set of synthesized aggregates of calcite and 

muscovite, with varying volume proportion of each phase (Schmidt et al., 2008). The 

magnetic anisotropy of these synthetic aggregates was measured and modeled by Schmidt 

et al. (2009). They were able to separate the magnetic anisotropy due to diamagnetic calcite 

and paramagnetic muscovite, i.e., the magnetic sub-fabrics. A similar study was performed 
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for measurements and modeling of the seismic anisotropy (Almqvist et al., 2010b).The 

seismic anisotropy was measured while a specimen was confined in a hydrostatic pressure 

up to 475 MPa, which effectively reduces, or eliminates, the open crack and pore volume. 

The combined data sets are illustrated in Figure 1. 

The separated paramagnetic susceptibility difference (kpara; Schmidt et al., 2009) 

displays a good correlation with the P-wave anisotropy (Fig. 5.1a). The degree of both 

anisotropies is shown to depend on the muscovite concentration and the uniaxial load used 

to compact the aggregates. A higher compaction load generates stronger anisotropy in both 

the magnetic susceptibility and seismic velocities. With decreasing muscovite the overall 

anisotropy decreases and the drop is most prominent in the case of the paramagnetic 

anisotropy. 
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Figure 5.1: (a) The paramagnetic susceptibility difference (kpara) as a function of seismic P-
wave anisotropy for difference muscovite compositions. The number adjacent to each symbol 
represents the uniaxial compaction load in MPa used to compact the sample during synthesis. 
(b) Measured (open symbols) and calculated (gray filled symbols) diamagnetic susceptibility 
difference are shown as a function of the measured and calculated seismic anisotropy, for 
different calcite composition. 

Figure 1b illustrates the calculated magnetic and seismic anisotropy that arises due to 

calcite. A strong correlation is observed between the two anisotropies that were calculated 

from the calcite texture (Fig. 1b). A general correlation between measured anisotropies can 

also be inferred from Figure 1b (open symbols) when the muscovite concentration is low. 
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Samples containing pure or nearly pure calcite display the strongest anisotropy, observed 

both in the modeled data as well as by measurements. This implies that the texture strength 

of calcite decreases with increasing muscovite concentration, which is consistent with the 

microstructure development in the presence of second phases (i.e., Herwegh et al., 2005; 

Ebert et al., 2007). 

The present study investigates the anisotropy of physical properties as a function of 

microstructures for plastically deformed calcite mylonites from the Morcles Nappe shear 

zone. This study aims to demonstrate that the results of Schmidt et al. (2009) and Almqvist 

et al. (2010b) from measurements of physical properties in synthetic aggregates can be 

observed in an actual geological setting. In the Morcles nappe it is possible to study 1) the 

effect of second-phase minerals, and 2) changes in strain and physical conditions (i.e., 

temperature, stress and strain rate). The first factor is addressed by focusing on samples 

collected from a single location along the shear zone, which contain varying amounts of 

second phases. The second factor is approached by observing the physical properties with 

changing strain and texture strength along the shear zone. Data that have been collected by 

Ebert (2007) are used as part of this study. A number of workers have addressed the 

deformation and microstructures of the Morcles nappe shear zone (e.g., Ramsay, 1981; 

Schmid et al., 1981; Dietrich and Song, 1984; Dietrich, 1986; Ebert et al., 2007; 2008; 

Austin et al., 2008), and the origin of magnetic properties and anisotropy in rocks from the 

Morcles Nappe recumbent fold and shear zone (Ihmlé et al., 1989; Almqvist et al., 2009; 

2010a; Chapter 3.3). 

5.1.3 Location and samples 

The Morcles Nappe shear zone is located in southwestern Switzerland, and constitutes 

the contact between the Helvetic nappe stack and underlying crystalline basement (Fig. 

5.1). The intensity of deformation is highest at the root of the shear zone, near the village of 

Saillon and decreases towards the northwest, the distal portion of the shear zone (see Ebert 

et al., 2007). Metamorphic conditions reached greenschist facies in the root zone (350 - 

400°C), and gradually decreases toward the northwest, where the lowest grade reached was 

anchimetamorphic conditions (280 °C; Ebert et al., 2007; Frey et al., 1980). The most 

deformed part of the shear zone has been displaced by the Simplon fault and is now located 
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near the town of Martigny. Important to note is that the preserved texture and 

microstructures dominantly represent steady-state dynamic conditions of deformation in the 

shear zone, with minimal influence of static recrystallization subsequent to deformation or 

during uplift and erosion (Ebert et al. 2007). 

Four type lithologies, which are present throughout the shear zone were sampled for 

magnetic, seismic and texture measurements. The samples, were taken from the Malm, 

Barremian, and White and Gray Urgonian Formations, and comprise mainly mylonitized 

calcite with varying volumes of second-phase minerals (see Figure 5.2 for sample location). 

For seismic measurements three mutually perpendicular cores of 2.54 cm diameter were 

drilled from block samples, parallel to the lineation and foliation (x-core), in the foliation 

plane, perpendicular to lineation (y-core), and normal to the foliation plane (z-core). The 

dominant second-phase minerals are mica, quartz and dolomite (Ebert et al., 2007). Ebert et 

al. (2007) showed that second-phase volume fraction varied considerably in the lithologies 

across the shear zone. In general, Gray Urgonian contains the smallest volume of second 

phases and the Malm has the largest volume of second phases. The Malm sample represents 

the case of an impure sample, whereas the remaining three samples are close to pure calcite 

(cf. Ebert et al., 2007: Table 5.1). Calculated physical properties are based on CPO and 

SPO measurements performed by Ebert et al. (2007), for samples collected along the entire 

shear zone. The magnetic anisotropy was measured on the same cores used for seismic 

measurements, and for the samples collected at regular intervals along the shear zone (Fig. 

5.2). 

5.1.4 Methods 

5.1.4.1 Anisotropy of magnetic susceptibility 

High-field AMS (HF-AMS) measurements were performed with a torsion 

magnetometer in fields up to 1500 mT. With HF-AMS it is possible to separate magnetic 

anisotropies due to ferrimagnetic (sensu stricto) minerals from the anisotropy arising from 

paramagnetic plus diamagnetic minerals (Martín-Hernández and Hirt, 2001). Separation of 

the paramagnetic and diamagnetic anisotropy is done according to the method outlined by 

Schmidt et al. (2007a). Specimens for measurements are cylindrical cores with 2.54 cm 

diameter and 2.2 cm length. 
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Figure 5.2: Cross-section of the Morcles Nappe shear zone, located in southwest Switzerland. 
The sample site for the Malm, Barremian, Gray and White Urgonian is indicated by a star 
(redrawn from Ebert et al. 2007, and Escher et al. 1993). Samples collected for the magnetic 
anisotropy measurements presented in Figure 8a are displayed with black diamonds. 

AMS is mathematically expressed by a second rank symmetrical tensor from which the 

eigenvalues and eigenvectors are used to describe an ellipsoid with principal axes of 

maximum (k1), intermediate (k2) and minimum (k3) susceptibility. The magnitudes of the 

eigenvalues k1 and k3 can be used to describe the degree of anisotropy, either by P = k1 / k3, 

or through the susceptibility difference, k = k1 – k3. The shape of the susceptibility 

ellipsoid is defined by U = [(2k2 – k1 – k3) / (k1 – k3)], which ranges from rotational oblate, 

when U = 1, to rotational prolate, when U = -1; when U = 0 the susceptibility ellipsoid is 

neutral. 

5.1.4.2 Elastic-wave measurements and anisotropy 

Velocity measurements of ultrasonic waves were performed with a Paterson gas 

medium apparatus using the pulse transmission technique (Birch, 1960; 1961). A 

cylindrical specimen of 2.54 cm diameter and 3 – 4 cm length is fitted between two ceramic 

transducers, which are able to transmit and receive acoustic compressional and shear waves 

at ultrasonic frequency (1 MHz); the two shear waves are polarized at right angles to each 

other. The sample column assembly, which consists of the rock specimen and the two 

transducers, is covered with a copper jacket to prevent the confining gas to enter the sample 
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assembly. All measurements reported here were performed at room temperature (~20°C), 

but due to the gas pressurization of the sample, temperatures may fluctuate by about ±10°C 

throughout the pressurization and depressurization cycle. The error estimate for 

determining first arrival of the P- and S-waves is partly dependent on the frequency of the 

transmitted waves, and for 1 MHz frequency the error is about  0.3 %. The hydrostatic 

pressure is measured with an error of  1 MPa. 

The sample assembly is initially pressurized in increments of ~50 MPa, up to 450 

MPa; acoustic wave arrival times are recorded at each pressure increment. Subsequently the 

sample assembly is depressurized in increments of ~25 MPa. After letting the sample 

equilibrate for several minutes at each pressure step, the arrival time for the waves are 

recorded. A hysteresis effect of the acoustic velocities becomes apparent after the 

pressurization cycle since cracks and pores collapse with increasing pressure, which do not 

re-open as the specimen is depressurized. Therefore the velocities tend to be higher during 

depressurization compared to when the sample is pressurized. The goal of the 

pressurization is to minimize the contribution of the influence of open pores and cracks on 

wave propagation, in order to obtain a linear relationship between pressure and crystal 

lattice compression. However, the pore closure effect as a function of confining pressure is 

mainly dependent on the shape of the pore and not all pores may be closed even at 

confining pressures that exceed 450 MPa. It is common to extrapolate the high-pressure 

portion of the acoustic measurements ( 200 MPa) back to intersect with zero pressure, 

using linear regression, to obtain a value for the room pressure acoustic velocity of the 

specimen with minimized influence of porosity (Birch, 1960; Wepfer and Christensen, 

1991; Burlini and Kunze, 2000). For this reason, the depressurization cycle is used for 

fitting the linear regression since the influence of cracks is reduced compared to 

measurements during pressurization of the specimen.  

5.1.4.3 Texture and microstructures 

The CPO for Malm, Barremian, White and Gray Urgonian samples was determined 

using electron backscatter diffraction (EBSD). EBSD measurements were performed at the 

Institute of Geology, Berne University, with a Zeiss Evo 50XVP scanning electron 

microscope (SEM) equipped with a Digi View II EBSD camera and the OIM data 
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acquisition software (Ametek, TSL). Details on the settings for the scanning electron 

microscope used during measurements are described by Ebert et al. (2007), Herwegh et al. 

(2008) and Almqvist et al. (2010a). In addition, EBSD texture measurements from Ebert et 

al. (2007) and Ebert (2007) on Urgonian samples along the shear zone have been used as a 

basis for calculation of physical properties. The CPO is presented with respect to a macro-

structural reference frame where the X-axis is parallel to the lineation and foliation, the Y-

axis is parallel to the foliation and perpendicular to the lineation and the Z-axis is normal to 

the foliation. Texture strengths are indicated by the texture index J (Bunge, 1982) and by 

the maximum intensities in the pole figures (multiples of uniform distribution; MUD). 

 

5.1.4.4 Predicting physical properties 
If the modal composition of each type of mineral present in the sample is known, 

together with their CPO, it is possible to predict the physical anisotropies (Mainprice, 

1990). For this purpose it is also necessary to specify the single crystal tensor properties of 

each type of mineral that constitute the sample. Predicted seismic velocities are presented 

using the same reference frame as for the CPO.  

The elastic stiffness matrix of calcite (Voigt notation), based on the work of Dandekar 

(1968) and Chen et al. (2001), is 
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   (5.1). 

 

Muscovite is included as a typical second-phase mineral, as it commonly occurs in the 

calcite mylonites and is highly anisotropic. For muscovite, the single crystal elastic 

stiffness matrix is (Vaughan and Guggenheim, 1986) 
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   (5.2). 

 

The units used for the elastic constants in (5.1) and (5.2) are GPa. The software used to 

calculate the elastic properties is provided by D. Mainprice, and is available for download 

on the internet (ftp://www.gm.univ-montp2.fr/mainprice//CareWare_Unicef_Programs). 

The calculated seismic velocities presented here are Voigt-Reuss-Hill estimates (Hill, 

1952). 

5.1.5 Laboratory measurements 

5.1.5.1 Magnetic and seismic anisotropies 

Small differences in the bulk susceptibility are observed among the samples, where 

Gray Urgonian has the least negative bulk susceptibility, followed by Barremian. Samples 

with the most negative susceptibility are Malm and White Urgonian (Table 5.1). Only the 

separated paramagnetic plus diamagnetic anisotropy are reported here because the 

contribution from the ferrimagnetic (s.l.) anisotropy was always < 10 %. The susceptibility 

difference is greatest for the Gray Urgonian, with a k of 9.1510-7 SI, in comparison with 

the lower k of Malm, (3.1010-7 SI), White Urgonian (2.0210-7 SI) and Barremian 

(1.9510-7 SI). The magnetic susceptibility ellipsoid is nearly rotational oblate for Malm 

and White Urgonian, whereas the Gray Urgonian and Barremian display nearly rotational 

prolate shapes (Table 5.1). k and U for the separated paramagnetic and diamagnetic 

subfabrics are summarized in Table 5.1. The paramagnetic subfabric consists of ellipsoids 

in the prolate shape field, whereas the diamagnetic fabric is highly oblate. The 

susceptibility difference of the diamagnetic fabric do not exceed the single crystal value of 

calcite (k = 1.1E-06 SI), which indicates that the separation is successful. 
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Table 5.2: Summary of elastic wave velocity, Vp anisotropy and 
shear-wave splitting.

Malm
Z -core X -core Y -core Vpmean (km/s) A (% )

Vp0 6.408 6.761 6.844 6.67 6.54
Max Vs0 3.426 3.495 3.330
Min Vs0 3.397 3.266 3.325 Max dVs (km/s) A (% )
dVs 0.029 0.229 0.005 0.229 7.01

White Urgonian
Z -core X -core Y -core Vpmean (km/s) A (% )

Vp0 6.276 6.931 6.827 6.68 9.81
Max Vs0 3.324 3.336 3.485
Min Vs0 3.155 3.261 3.114 Max dVs (km/s) A (% )
dVs 0.169 0.075 0.371 0.371 11.91

Grey Urgonian
Z -core X -core Y -core Vpmean (km/s) A (% )

Vp0 5.670 6.456 6.835 6.32 18.44
Max Vs0 2.994 3.595 3.498
Min Vs0 2.861 3.226 3.321 Max dVs (km/s) A (% )
dVs 0.133 0.369 0.177 0.369 11.44

Barremian
Z -core X -core Y -core Vpmean (km/s) A (% )

Vp0 6.139 6.825 6.746 6.57 10.44
Max Vs0 3.345 3.305 3.304
Min Vs0 3.308 3.298 2.897 Max dVs (km/s) A (% )
dVs 0.037 0.007 0.407 0.407 14.05  

Seismic velocities for the type lithologies have been measured as a function of 

confining pressure (Figs. 5.3 – 5.5, Table 5.2). Average compressional-wave velocities 

(Fig. 5.3) are based on seismic measurements for the three perpendicularly oriented cores 

of each individual rock sample. All samples display similar average compressional 

velocities as a function of increasing pressure, with the exception of Gray Urgonian 

mylonites, which has a slightly lower average than other samples. The average velocities 

extrapolated back to room pressure ranges from 6.57 km/s to 6.68 km/s for the Malm, 

Barremian and White Urgonian, and 6.32 km/s for the Gray Urgonian sample. P-wave 

anisotropy is apparent in all sampled lithologies, but is considerable higher in Urgonian and 

Barremian mylonites compared to the Malm. The fast wave-propagation axis in all samples 

is either along the X-axis (lineation) or in the X-Y plane (Fig. 5.4). Only for the Gray 

Urgonian is there a marked difference in velocities between the X- and Y-cores. The slow 

axis of wave-propagation is consistently normal to the foliation plane. Seismic P-wave 
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anisotropy is 18.4 % in the Gray Urgonian, 10.4 % in the Barremian, 9.8 % in the White 

Urgonian and 6.5 % in the Malm (Table 5.1 and 5.2). The shape of the velocity curve in 

Figure 5.4c for the Gray Urgonian indicates a different behavior during depressurization of 

the sample in comparison with the other samples, for which the velocity curves are flatter. 

Polarization of the shear-waves (dVs) for different sample orientations is shown in Figure 

5.5. The smallest difference between the polarized shear waves is observed for the Z-core, 

and only in the White and Gray Urgonian mylonites is the difference slightly larger than 0.1 

km/s. Shear-wave splitting is largest in the X-Y plane, with the highest observed value for 

the Barremian of 0.407 km/s, followed by White and Gray Urgonian, which have similar 

dVs and the Malm, which shows the lowest dVs of 0.229 km/s. 

 

5

5.5

6

6.5

7

7.5

0 100 200 300 400 500

Confining pressure (Mpa)

White Urgonian
Malm
Barremian
Gray Urgonian

Vp (km/s)

 
Figure 5.3: Average seismic P-wave velocities as a function of confining pressure, for (a) 
Malm, (b) Barremian, (c) Gray Urgonian and (d) White Urgonian. 
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Figure 5.4: P-wave velocities as a function of confining pressure and three sample-axes (X, Y, 
Z), for (a) Malm, (b) Barremian, (c) Gray Urgonian and (d) White Urgonian; X is parallel to 
the lineation and in the plane of foliation; Y is in the foliation, but perpendicular to the 
lineation; Z is normal to the foliation. 

 

5.1.5.2 Texture measurements and microstructures 

Calcite textures are shown in Figure 5.5, which displays pole figures for the calcite a-

axes (2 -1 0) and (1 0 0), and the c-axis (0 0 1) for the four samples. The Malm has the 

weakest CPO, with a J-index = 1.59, followed by the white Urgonian mylonite, which has 

only a slightly stronger CPO (J = 1.88). Barremian (J = 2.79) and Gray Urgonian (J = 3.76) 

have considerably stronger  
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Figure 5.5: (previous page) Shear wave velocities with two polarizations, as a function of 
confining pressure and orientation, for (a) Malm, (b) Barremian, (c) Gray Urgonian and (d) 
White Urgonian. X is parallel to the lineation and in the plane of foliation; Y is in the foliation, 
but perpendicular to the lineation; Z is normal to the foliation. 

textures (Table 5.1). The texture of the Malm displays an oblique concentration of c-axes 

with respect to the pole to the foliation plane and a-axes are oriented in a girdle inclined 

about 30° to the foliation plane. The Gray and White Urgonian, and Barremian mylonites, 

display c-axes concentrations near the pole to the foliation, with their a-axes oriented in a 

girdle sub-parallel to the foliation plane. 

5.1.6 Calculated seismic anisotropies 
Figures 5.6 display the results for predicted seismic properties and anisotropy that are 

computed from the calcite texture. The axis of fast P-wave propagation is sub-parallel to 

the foliation for the Barremian, Gray and White Urgonian samples, whereas the Malm has 

its fast propagation-axis oblique to the foliation plane. Slow P-wave velocities are oriented 

normal to the foliation plane, with the exception of the Malm. Predicted anisotropies are 

significantly different between samples, with 6.9 %, 8.8 % for the White Urgonian, 11.8% 

for the Barremian and 12.8 % for the Gray Urgonian. Shear-wave splitting is greatest sub-

parallel to the foliation plane in the case of Barremian, and White and Gray Urgonian (Fig. 

5.6). For these samples the maximum dVs is similar, ranging from 0.19 – 0.26 km/s. Malm 

displays maximum dVs at an angle of about 30° offset to the pole to the foliation plane, 

which is a bit lower than the other samples (0.15 km/s). 

Muscovite is commonly observed as a second-phase in the calcite mylonites and it is 

has a large single crystal anisotropy, which suggests that it would have an impact on the 

physical properties even when present in small amounts. To test its influence on the 

physical anisotropies, aligned muscovite mica is added virtually to the Gray Urgonian 

sample in different concentrations for the VP modeling experiment (Fig. 5.7). The 

alignment of mica is based on the average SPO, which was determined by Ebert et al. 

(2007) and was observed previously by Herwegh and Jenni (2001). The basal planes of the 

mica grains are oriented slightly oblique with respect to the foliation plane, while being 

fixed with respect to the hinge-line of the y-axis (see inset of Fig. 5.7). The fast velocity 

plane is oriented parallel the basal plane of the muscovite grain, whereas the slow axis is  
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parallel to the crystallographic c-axis of the crystal, which is oriented nearly normal to the 

basal plane of the grain. The CPO and SPO are considered to coincide, which enables 

calculation of the elastic properties using the single crystal tensor of muscovite. The 

addition of 1 vol% mica increases the P-wave anisotropy by 0.2 %, and further addition of 

10 vol% mica increases anisotropy to 3.4 %. Maximum shear-wave splitting increases by 

more than 5 % with the addition of 10 vol% muscovite, compared with the calcite texture 

alone. 
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Figure 5.7: Modeled seismic P-wave velocities and shear-wave splitting (expressed in percent) 
of the Gray Urgonian sample based on the calcite CPO, as shown in Figure 5.6, but with the 
addition of aligned muscovite of (a) 1 vol%, (b) 5 vol, (c) 10 vol%. Inset shows the orientation 
of the basal plane of muscovite, whose angle with respect to the horizontal plane in the equal 
area nets is based on the SPO measurements of Ebert et al. (2007); a, b and c represent the 
crystallographic axes of the muscovite,  is the angle between the crystallographic a- and c-
axes, and is ~95.5°.  

5.1.7 Discussion 

The magnetic and seismic properties have been measured and predicted for four type 

lithologies of calcite mylonites from the Morcles Nappe shear zone, which includes 

samples with low concentration of second phases to samples with a high concentration. 

Bulk magnetic susceptibility provides initial information on sample composition. Malm has 

the highest volume fraction of second phases, but it displays the most negative bulk 

susceptibility, which indicates that second phases are comprised of diamagnetic quartz, 

dolomite and minor organic carbon, but notably the absence of sheet silicates. Gray 
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Urgonian displays the least negative bulk susceptibility and the largest anisotropy, both for 

magnetic and seismic measurements. The bulk susceptibility of this sample can be 

explained by a small amount of Fe2+ present in the calcite crystal lattice (Almqvist et al., 

2010a; Schmidt et al., 2006), as well as the presence of minor paramagnetic second phases, 

such as muscovite, or a ferromagnetic (s.l.) phase. The high seismic anisotropy of the Gray 

Urgonian is thought be a consequence of two factors. The first is the presence of aligned 

micro-cracks, which would increase differences in velocities measured parallel and 

perpendicular to the foliation plane, although this requires that the micro-cracks remain 

open at high confining pressure. Alternatively the presence of aligned sheet-silicate 

minerals and flakes of anisotropic organic carbon (Herwegh and Kunze, 2002) can produce 

a large seismic anisotropy. The predicted seismic P-wave anisotropy agrees to within 1 % 

of the measured anisotropy for the Malm, Barremian and White Urgonian samples, 

suggesting the calcite texture alone is responsible for the physical anisotropies of these 

samples. Although a considerable second-phase volume fraction can occur in the Malm, it 

appears that the anisotropy is governed by calcite. In contrast the predicted seismic P-wave 

anisotropy for the Gray Urgonian, based on the calcite texture, is ~6 % lower than the 

measured P-wave anisotropy. 

Figure 5.8 illustrates the relationships between physical anisotropies from the four type 

lithologies used in this study are not well correlated when the total magnetic fabric is 

considered. We have shown above that the seismic anisotropy is controlled mainly by the 

calcite texture. Both the magnetic subfabrics are also controlled by calcite texture (Chapter 

3.3). Seismic anisotropy and AMS become strongly correlated subsequent to magnetic sub-

fabric separation. Seismic anisotropy is controlled by the texture of calcite, as was shown 

earlier. It is interesting to note that the regression line correlating seismic anisotropy and 

diamagnetic susceptibility difference intersect near the origin (indicated in Fig. 5.8 by a 

dotted line), which demonstrates that it can be used as a proxy for seismic anisotropy in all 

four lithologies. 

The degree of magnetic and seismic anisotropy reflects primarily the intensity of the 

CPO; their anisotropies are strongly correlated (i.e., Figure 5.8; Schmidt et al., 2009; 

Almqvist et al., 2010b; chapter 4.1). This is particularly true when the volume of pores and 

cracks is small. However, even in samples with a large volume of pores the seismic 
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anisotropy can still be partially or almost completely dictated by the CPO (e.g., Almqvist et 

al., in press). The main advantage of using AMS as a proxy for seismic anisotropy is its 

strong dependence on CPO and SPO, and the rapid measurement procedure. AMS is a 

useful proxy for texture when magnetic subfabric separation is possible (e.g., Fig. 5.1; 

Martín-Hernández and Hirt, 2001; 2004; Schmidt et al., 2007a; 2009; Almqvist et al., 2009; 

2010a; chapter 3.3). AMS for a single specimen can be measured in a few minutes in low 

field, and in approximately 3 hours using high-field torque magnetometer measurements at 

room temperature and 77 K, which enables the collection of a large amount of data in 

relatively short time. Seismic anisotropy can be inferred using a statistically sufficient AMS 

data set, as is the case for the present study. AMS also has the advantage of considering a 

large specimen volume (~11cm3), which can only be matched by neutron diffraction 

goniometry (Wenk, 2002). 
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Figure 5.8: k (left vertical axis) as a function of seismic P-wave anisotropy, for the four type 
lithologies investigates in this study; HF-RT: high-field room temperature magnetic torque; 
dia: separated diamagnetic sub-fabric; para: separated paramagnetic sub-fabric. The calcite 
J-index (right-hand side vertical axis) is shown as a function of the P-wave anisotropy. 
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The main goal of pressurizing a rock sample for laboratory seismic measurements is to 

reduce the effect of cracks and pores as much as possible on the seismic bulk velocity and 

anisotropy in order to obtain the seismic anisotropy due only to the CPO and SPO (Wepfer 

and Christensen, 1991). AMS, on the other hand, is unaffected by the presence of pores and 

cracks, and relate directly to the crystallographic orientation and shape of grains that 

constitute the rock. Although it cannot be correlated quantitatively to bulk seismic velocity, 

AMS can be used to indicate the degree of seismic anisotropy in the absence of open pores 

or cracks.  

5.1.7.1 Physical anisotropies, microstructures and texture development 

Texture results from processes that operate at the microscopic scale, involving active 

deformation mechanisms. For calcite in a compressive regime the crystallographic c-axes 

preferentially orient parallel to the axis of maximum stress (σ1). Twinning is the mechanism 

when calcite initially deforms, which produces preferred orientation of crystallographic 

axes. This is followed by slip on particular crystallographic planes with respect to the 

applied stress. A transition from diffusion creep to dislocation creep dominated deformation 

occurs from low- to high-temperature domains in the shear zone, as demonstrated by Ebert 

et al. (2007) and Austin et al. (2008). The gradual change in deformation mechanisms 

coincides with texture strengthening and an increase in recrystallized grain size towards 

elevated temperatures. A large variation in the grain-size is observed for the carbonate 

mylonites, with grains up to 60 μm diameter in the proximal or high-temperature portion of 

the Morcles thrust, down to 5 – 10 μm in diameter in the distal, low-temperature part. In 

addition to the trend for pure calcite aggregates, the content of second phases strongly 

affects recrystallized grain size, CPO orientation and strength, and active deformation 

mechanisms (Ebert et al., 2007; Herwegh and Berger, 2004; Herwegh et al., 2005). 

 

5.1.7.2 Influence of the second phase content, the impure versus pure case 

Generally, decreasing grain size and CPO weakening are observed with increasing 

second-phase content, indicating the increased influence of diffusion creep and granular 

flow with higher amounts of second phases. Herwegh and Berger (2004), Herwegh et al. 
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(2005) and Ebert et al. (2007) illustrated the importance of the ratio between mean grain 

size (dp) and the volume fraction (fp) of second phases for the microstructure and texture 

development of the rocks. This ratio is referred to as the Zener parameter, Z = dp/fp
m, where 

the superscript m is an exponential factor acting on fp, which varies between 0.33 and 1. 

Small Z-values result in a microstructure development that is second-phase controlled, 

whereas large Z-values result in microstructures whose recrystallization is independent of 

second-phases. Migration of calcite grain-boundaries become pinned when there is a high 

concentration of second phases. This leads to smaller recrystallized calcite grain-sizes and 

weaker textures. The boundary between second-phase controlled and recrystallization 

controlled microstructures is temperature dependent. With increasing temperature this 

boundary shifts towards higher values of Z. When considering a constant temperature, the 

texture strength varies according to the Z-value (cf. Ebert et al. 2007: fig. 6; Ebert et al., 

2008). 

For high values of Z the CPO symmetry is orthorhombic with respect to the sample 

coordinate system, whereas when Z decreases the symmetry becomes increasingly 

monoclinic (i.e., the orientation of the CPO is offset with respect to the foliation). It should 

be noted that in high-strain zones where plastic deformation takes place the symmetry of 

the resulting CPO have previously been related to the respective quantitative contributions 

of simple and pure shear deformation (e.g., Wenk 2002; Erskine et al., 1993; Ratschbacher 

et al., 1991; Wenk et al., 1987). In a strictly coaxial state of deformation, the texture 

symmetry is orthorhombic, whereas a monoclinic symmetry develops during non-coaxial 

shear deformation. Although this hypothesis helps explain non-coaxial CPO’s, it does not 

apply to the natural case of mylonites observed in the Morcles shear zone, where the CPO’s 

can be nearly orthorhombic (i.e., perpendicular to foliation), while the deformation 

conditions are highly non-coaxial. Anisotropy of seismic and magnetic properties is the 

outcome of the combination of the CPO of calcite, and the SPO and CPO of the second 

phases. A monoclinic CPO symmetry can therefore be explained either by 1) the simple 

shear taking place during deformation (i.e., Erskine et al., 1993; Ratschbacher et al., 1991; 

Wenk et al., 1987) or 2) the amount of second phases of the rock (Ebert et al., 2007: Austin 

et al., 2007), or 3) a combination of both. It is worthwhile however to consider how the 

physical anisotropies change with varying amounts of second phases and Z-values, 
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particularly with respect to the degree of anisotropy. A strong alignment of second phases 

such as sheet-silicates is expected in a shear zone setting (Herwegh and Jenni, 2001; Lister 

and Williams, 1979), which would lead to a strong CPO and anisotropy of the physical 

properties. 

Second-phase content varies considerably for the different lithologies present in the 

shear zone, and the amount of second phases affects the localization of strain and 

deformation in the shear zone. In terms of mineralogical composition, the samples from the 

shear zone can be divided into two end-member compositions, where the first are pure or 

nearly pure samples and includes the White and Gray Urgonian and the Barremian, which 

are separated from the second-phase rich Malm. The measured magnetic and seismic 

anisotropies are small for the second-phase rich Malm. Correspondingly the Malm has low 

values for the Z-parameter (Ebert et al., 2007) and recrystallization is controlled by grain-

boundary pinning of second-phases. In addition, the CPO of the Malm is offset with respect 

to the foliation (i.e., monoclinic). In contrast, anisotropy is larger for White Urgonian and 

the Barremian samples, which in turn have larger Z-values and stronger CPO than the 

Malm. Gray Urgonian has the highest measured anisotropy, and is the only sample which 

does not show a good agreement with predicted seismic anisotropy based on the calcite 

texture, for which the potential reasons include the presence of micro-cracks or preferred 

orientation of sheet silicates and flakes of organic carbon. 

5.1.7.3 Influence of temperature, stress and strain rate 

In order to evaluate the relationship between P-wave anisotropy and the metamorphic 

gradient, the geothermometer and texture data collected from sites along the shear zone by 

Ebert (2007) are used. There is a strong relationship among temperature, stress and strain 

rate, which are the physical conditions governing deformation. Peak metamorphic 

temperature conditions are estimated from mineral assemblages in natural samples, whereas 

stress and strain rate estimates are more difficult to obtain. Figure 5.9 display the predicted 

P-wave anisotropy based on EBSD texture measurements of Gray and White Urgonian 

mylonites for different peak metamorphic temperatures along the shear zone (Ebert, 2007). 

The P-wave anisotropy is high at the high peak metamorphic conditions where the 

temperature is near 400 °C, and gradually the anisotropy decreases towards the northwest 
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where lower peak metamorphic conditions are observed. With increasing metamorphic 

grade the strain and correspondingly the texture changes along the thrust. Seismic P-wave 

anisotropy, calculated from the calcite textures in Urgonian samples, increases from 6 % to 

almost 14 % over the 15 km distance along the shear zone; the trend of predicted VP 

anisotropy is supported by the change in magnetic anisotropy along the thrust (Fig. 5.10a). 

Figure 5.10a presents a compilation of AMS measurements, taken from the Gray and White 

Urgonian samples collected along the shear zone (Chapter 3.3). 

T (°C)

Predicted 
Vp anis (%)

0 100 200 300 400 500

18

16

14

12

10

8

6

4

2

0

 
Figure 5.9: Predicted P-wave anisotropy as a function of peak metamorphic temperature (°C) 
of Urgonian mylonites (mixed White and Gray Urgonian specimens), based on calcite texture 
EBSD measurements on samples collected by of Ebert (2007) at different locations along the 
shear zone. Error bars indicate 1σ confidence interval, and are estimated based on texture 
measurements from several separate samples at each location. 

The AMS demonstrate that the degree of anisotropy is high for samples near the high-

grade portion of the shear zone and decrease towards the northwest, in general. The 

diamagnetic subfabric shows this relationship best; the AMS of calcite, observed from the 

diamagnetic subfabric, is a good indicator for the strain and texture development along the 

shear zone. AMS along the thrust have a similar trend to the increase in calcite grain size 

and the predicted seismic P-wave anisotropy along the thrust (Fig. 5.10a, b; Austin et al., 
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2008). The changes in physical and microstructural properties of the calcite mylonites can 

be related to the aforementioned change in deformation mechanism, from diffusion creep 

and granular flow to dislocation creep dominated deformation. In this way the activate 

deformation mechanism directly exert control on the physical properties of the mylonites. 

Based on the data that have been presented in this paper a scenario is outlined in appendix 

C, where a large-scale shear zone acts as source for crustal reflection, where the reflection 

coefficient co-vary with the strain gradient along the shear zone. 
280

299
309

337

358
364
395

0 5 10 15 200

10

20

30

40

50

60

70

C
al

ci
te

 G
ra

in
 S

iz
e 

(μ
m

)

Distance along the shear zone (km)

Temperature ( °C)

(a)

(b)

∆k (SI)

0.00E+00

1.00E-07

2.00E-07

3.00E-07

4.00E-07

5.00E-07

6.00E-07

7.00E-07

8.00E-07

0 5 10 15 20

Distance along shear zone (km)

HF-RT
dia
VpAnis

0

2

4

6

8

10

12

14

16

18
Vp anis (%)

 
Figure 5.10: (a) The average degree of anisotropy shown by the susceptibility difference, k = 
k1 – k3, as a function of location along the shear zone; error bars indicate the 1σ confidence 
interval; Gray diamonds represent high-field torque measurements performed at room 
temperature and the open squares represent the separated diamagnetic sub-fabric (data 
presented in chapter 3.3). The red triangles is the seismic P-wave anisotropy calculated from 
the calcite texture (b) Calcite grain-size as a function of location along the shear zone (data 
compiled from the measurements of Ebert et al. 2007; redrawn from Austin et al., 2008). 

5.1.8 Conclusions 

The magnetic and seismic anisotropies of calcite mylonites from the Morcles Nappe shear 

zone have been investigated, using measurements of the magnetic and seismic anisotropies 

on collected rock samples and through predictive modeling based on texture measurements, 

single crystal tensor properties and different modal compositions of calcite and muscovite 

mica. The study considers the influence of physical conditions (i.e., temperature, stress and 

strain-rate), and second-phase composition on the physical properties. Samples that were 
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collected in the field range from almost pure calcite to samples with up to 40 vol% second-

phases. Magnetic and seismic measurements illustrate that samples controlled by second 

phases are less anisotropic compared to rocks that have a sparse concentration of second 

phases. The presence of second-phases hinders recrystallization by action of pinning along 

the calcite grain boundaries, which leads to overall smaller grain sizes, weaker texture 

strength, and lower anisotropy. Samples which contain  10 vol% second phases have 

higher physical anisotropies. The presence of second phases may, however, increase the 

anisotropy, especially when the single crystal of the second phase is highly anisotropic, 

such as in the case of sheet silicates. Predicted seismic anisotropy varies between 6 – 14 %, 

based on the texture strength of calcite for the samples that were studied. An addition of 10 

vol% aligned muscovite mica increases the anisotropy to 10 – 18 % for the same samples. 

Strain increases toward the high-grade metamorphic portion of the shear zone, resulting in 

calcite grain-size increase and stronger CPO, as a result of switching deformation 

mechanisms. A gradual strengthening of the texture along the 15 km shear zone implies 

that the physical anisotropies also changes along the shear zone, as is observed by the 

degree of magnetic anisotropy. In the case of the Morcles nappe shear zone, the 

diamagnetic subfabric provides useful proxy for texture strength and seismic anisotropy. In 

general, magnetic subfabric separation provides a rapid and useful method to study texture 

and microstructure development in rocks, and can be applied as a proxy for seismic 

anisotropy in various types of lithologies. 
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6.1 Summary of findings 

This thesis focuses on the origin of magnetic and elastic anisotropies in synthetic 

deformed mineral aggregates and deformed carbonate rocks, using laboratory 

measurements and models. To understand these physical anisotropies require 

characterization of the synthetic aggregates and rocks in terms of their 1) mineral 

composition, 2) texture and microstructure (fabric), 3) chemistry, and 4) pore or crack 

network. The main findings are summarized as follows. 

Employing the method of Schmidt et al. (2007a) the diamagnetic fabric due to calcite 

was separated in rocks from the Morcles Nappe recumbent fold. Separation is particularly 

successful in samples that contain small amounts of secondary-phase minerals, and it is 

possible to separate magnetic fabrics in rocks containing mixtures of paramagnetic and 

ferromagnetic (s.l.) minerals. The diamagnetic fabric is related to the texture and strain of 

rocks from the fold. Subsequent to separation of the magnetic fabrics it is apparent that the 

highest degree of anisotropy is found in the overturned limb of the fold, which is the thrust 

contact between the fold and underlying basement where strain has localized. Weak 

magnetic anisotropy is evident for rocks that underwent brittle deformation in the normal 

limb and outer part of the fold.  

It is possible to gain insight on the tectonic history of the Morcles nappe when 

magnetic subfabrics are isolated from samples collected along the shear zone. The degree 

of anisotropy illustrates the strain gradient in the shear zone, in accordance with texture and 

geothermometer measurements, from the highly strained proximal root zone to the distal 

portion of the shear zone where strain is much weaker. A composite magnetic fabric is 

observed in the root zone of the shear zone, which arises from the transport of the Morcles 

nappe towards the NW and a late phase deformation due to backfolding and displacement 

along the westward continuation of the Rhône-Simplon fault line, with a NE-SW 

orientation. Partial overprinting appears to have taken place in other locations higher up 

along the shear zone as well. 

The paramagnetic anisotropy of seemingly pure calcite mylonites from the shear zone 

(overturned limb) of the fold, arises from the presence of iron cations in the carbonate 

crystal lattice. Laser ablation ICP-MS measurements show that Fe2+ substitutes for Ca2+ in 
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calcite crystals by amounts < 10,000 ppm. Bulk susceptibility increase linearly as a 

function of Fe-content, with a slope and intercept of y = 9.0910-9x – 1.3610-5 SI. The 

anisotropy due to Fe2+ results in an inverse magnetic fabric, defined by the axis of 

maximum susceptibility oriented as the pole to the foliation plane. Schmidt et al. (2006) 

found the empirical relationship between amount of Fe2+ and the paramagnetic anisotropy 

(kpara) in a single crystal of calcite to be 

  )ppm/kg/m(E).()ppm(contentFek para
312101   (6.1), 

Using (6.1) it is possible to demonstrate a general relationship among crystal iron 

chemistry, CPO and AMS 

  Mkkk diapara         (6.2), 

where k is the resulting susceptibility difference of a rock comprised of diamagnetic 

calcite (kdia) with substitution of iron (kpara). The texture strength is given by M (Skemer 

et al., 2005), which ranges from 0 for a random CPO to 1 for a group of crystals with the 

same orientation (effectively a single crystal). When the bulk susceptibility is -1010-6 to -

910-6 SI (~400 ppm Fe2+) the mylonites are nearly magnetically isotropic. The AMS data 

from calcite mylonites and marbles illustrate that the orientation of the paramagnetic 

moment of Fe2+ is governed by the crystallographic c-axis of the carbonate crystal. 

Equation (6.2) can be used to explain the magnetic anisotropy of other geological settings 

such as the calcite mylonites from Thassos (deWall et al., 2000) and Carrara marble. 

The velocity and anisotropy of elastic waves in rocks depend on the texture and 

microstructure of the rock. Three factors were found to be responsible for the elastic wave 

propagation and anisotropy in synthetic aggregates comprising calcite and muscovite. 

Modal composition and pore volume are the most important factors for controlling the bulk 

elastic properties. The seismic anisotropy is a function of the texture, which itself results 

from the compaction load used during synthesis. Preferred alignment of the mica platelets 

is strong with high compaction load, leading to a high seismic anisotropy. In contrast, the 

elastic anisotropy is weaker when the compaction load is smaller. Whereas the anisotropy 

and velocity of P-waves are greatly affected by the presence of pores, anisotropy of S-
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waves and shear-wave splitting originate from the texture of the calcite and muscovite, with 

lesser contribution from pores. 

The modeled elastic properties based on the texture of the calcite and muscovite and 

their modal composition cannot completely explain measured values and it is necessary to 

consider the volume and shape of the pores. A differential effective medium (DEM) model 

is used for this purpose, which takes into consideration the modal composition and texture 

of calcite and muscovite as a background medium, into which air-filled pores are added in 

small increments. Between each increment of added inclusions, the effective elastic 

properties of the medium are computed. Pores are typically < 10 μm, and their shape is a 

function mainly of the load used to compact the samples and the modal mineral 

composition. The best-fit model to explain measured values is found when the long-axis of 

the pores is between three to four times greater than the short-axis. 

Impregnating the pores with an oil-based ferrofluid and measuring the AMS is a useful 

method to deduce the average shape of the pore-network. AMS and bulk susceptibility of 

the ferrofluid therefore provide information on (1) the shape of the fluid-filled pores, and 

(2) the permeability of the sample. For pure muscovite and for samples with high 

muscovite content the permeability is low, hindering complete saturation of the pores. Poor 

wettability of the calcite and muscovite grains is a possible factor for incomplete saturation 

of the samples. Even though the porosity of the pure muscovite samples is higher than 10 

vol%, the fluid occupies only a few percent of the pores after impregnation. Caution is 

necessary when using ferrofluids as an indicator for pore shape, since the fluid will enter 

pores which are easily accessible during impregnation (i.e., the permeable porosity), and 

the method requires that the sample is permeable. The fluid will easily flow through large 

pore throats and spherical cavities, while it is restricted to flow through narrow pore throats 

and thin cracks. Ferrofluid tests, however, were able to define a volumetric average aspect 

ratio that was related to sample composition and compaction load used during synthesis. 

The study of synthetic calcite-muscovite aggregates showed how CPO, magnetic 

fabrics and seismic anisotropy are related. The final chapter examines the relationship of 

these physical properties in a natural geological setting. Acoustic and magnetic 

measurements were used to study the highly strained rocks from the basal shear zone of the 

Morcles Nappe, with the objectives of investigating the physical anisotropies as a function 
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of variation in second-phase mineral content and strain along the shear zone. The degree of 

seismic and magnetic anisotropies depends on the amount of second-phases, where the 

second-phase rich rocks display weak anisotropy, whereas second-phase sparse rocks have 

comparatively higher anisotropy. Measurements of magnetic anisotropy and texture reveal 

a strain gradient along the shear zone. The anisotropy is highest in the area of the shear 

zone that has experienced the highest peak metamorphic temperature and strain, and 

decreases towards the distal portion where metamorphic peak temperature and strain are 

lower. When the magnetic subfabrics can be separated successfully, they are shown to 

correlate strongly with the seismic P-wave anisotropy. 

Magnetic and seismic anisotropy are strongly correlated in both synthetic and naturally 

deformed carbonate rocks. The separated magnetic subfabrics reflect the texture intensity of 

the individual phases that compose the rock. When separation is possible, the magnetic 

subfabrics represent a valid proxy for the texture strength and seismic anisotropy. Physical 

anisotropies reveal information on the processes of deformation in rocks. When the origin 

of these anisotropies can be deciphered, using modern measurement techniques and 

models, they provide a framework which allows for interpretation of the geological history 

of rocks and helps shed light on active geological processes that take place in the Earth’s 

crust. 

6.2 Outlook 

6.2.3 Future studies linking physical anisotropies 

Magnetic anisotropy provides detailed information on petrofabric and it is one of the 

most efficient methods in terms of measurement time; low-field measurements require 3 – 

4 minutes per specimen, whereas high-field measurements take about 1 – 2 hours per 

specimen to determine the complete susceptibility tensor, and in the latter case separate 

magnetic fabrics. In comparison, laboratory seismic measurements at room temperature 

require 10 – 12 hours of measurements, for the cores needed to reconstruct the elastic 

properties of a rock with a simple symmetry, such as for transversely isotropic samples. 

Similar to seismic measurements, the determination of texture requires significant time for 

sample preparation and measurements. The correlation between magnetic and seismic 
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anisotropy correlate well in deformed carbonates, as shown in the present work. Future 

work could address how magnetic anisotropies relate to other physical properties, using 

single-crystals. Studies should also be extended to other rock types. Shales are common 

crustal rocks whose physical properties are very anisotropic. Another possibility is physical 

properties of rocks from the upper mantle, i.e., peridotite, which consists by volume mostly 

of paramagnetic olivine. The ferrimagnetic fraction of rocks from the lower crust and upper 

mantle, which is most often magnetite, can be easily separated (cf., Martín-Hernández and 

Hirt, 2001). Naturally the application of magnetic fabrics as proxy for seismic anisotropy is 

not limited to the setting of lower crust and upper mantle, but should in practice be 

applicable to rocks where magnetic subfabric separation is possible, for which the texture 

controls seismic anisotropy. A good way to achieve this is by using analogues for rocks, 

such as cold- and hot-pressed synthetic aggregates, with controlled mineral composition 

and deformation (i.e., uniaxial compression). The constraints of texture and mineral 

composition of synthetic aggregates also provide an ideal material for understanding what 

gives rise to anisotropy of physical properties. 

Another reason for examining several physical properties is that their combination 

offers information to better characterize rocks. Each property can be used to study different 

aspects of the rock. For example, a seismic wave that propagates through a porous medium 

is greatly affected by the volume and geometry of the pores, whereas magnetic 

susceptibility for the same medium is unaffected by the air-filled pores. In such a way the 

seismic anisotropy provide information on the pore network, whereas the magnetic 

anisotropy gives information on the mineral fabric. Recent work by Louis et al (2004; 

2005; 2008) and Amrouch et al. (in press) illustrate the use of several physical 

measurements for this purpose. The combination of measurements would be useful to target 

lithologies with variation in porosity, in order to investigate the relationship between CPO, 

SPO and the porous network, relevant to shale and carbonates that have undergone 

diagenesis. 

6.2.4 Methods and fundamental studies of magnetic anisotropy 

Further advances of relating magnetic fabrics with other physical properties are 

dependent on improvement in measurement techniques, better understanding of the 
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fundamental physics responsible for magnetic anisotropy and more information on the 

AMS of individual phases. Low temperature AMS measurements are still not frequently 

utilized, despite providing crucial information on the paramagnetic anisotropy and enabling 

separation of the diamagnetic anisotropy. Technical improvements can be made in the 

development of cryostats for a high-field torsion magnetometer, with three objectives in 

mind. The first is to increase instrument sensitivity so that crystals or rock samples with 

weak magnetic susceptibility and anisotropy can be measured accurately. Second is to 

reduce the size of the cryostat, whereby the poles could be moved closer to each other 

enabling the use of larger applied fields. The third objective, and perhaps most challenging, 

is to develop a cryostat with which the temperature could be specified and monitored. At 

the moment measurements of the AMS can be performed at room temperature and 77 K. 

The possibility to measure with several temperatures would greatly increase the 

information regarding the sample. It would also be useful to measure at temperatures below 

77 K, since many paramagnetic crystals (e.g., phyllosilicates) display anisotropic Curie 

temperatures below the temperature of liquid nitrogen, which would be of great use in 

applied rock magnetism, and for improving the separation of magnetic fabrics. 

The nature of the p77-factor remains to be explored, and in particular what controls the 

anisotropy of paramagnetic minerals as temperature changes. It has been observed that the 

p77-factor is dependent on the mineral investigated, and therefore related to the crystal 

molecular and unit cell structure. Phyllosilicate minerals have similar p77-factors, whereas 

iron-substituted calcite has a noticeable higher p77-factor, but the underlying reason for this 

difference is not clear. A more fundamental understanding of the p77-factor would help for 

separation of multiple magnetic fabrics. 

Single crystal magnetic anisotropy needs to be further explored, especially for crystals 

with low symmetry such as feldspar, for which few measurements exist. A growing interest 

for rock magnetic research on feldspar stems from their use in paleomagnetism to recover 

the past Earth’s magnetic field intensity. Magnetite crystals trapped inside crystals of 

plagioclase are deemed optimal for determining the paleointensity, because of their size and 

their resistance to chemical alteration over geologic time (Tarduno et al., 2006). Other 

single crystals that are targeted for paleointensity studies include olivine, amphibole, 

pyroxene and zircons. Few studies have, however, been published with regards to their 



198 SUMMARY OF FINDINGS AND OUTLOOK 

 

magnetic anisotropy, which is a crucial piece of information necessary for their successful 

use in paleointensity studies. 

Quartz is diamagnetic and has been shown to be magnetically nearly isotropic (Hrouda, 

1986). Nevertheless, some controversy exists regarding the anisotropy of quartz. Hirt et al. 

(2000) demonstrated significant anisotropy in diamagnetic quartzite from Spain. What is 

responsible for the anisotropy of these quartzites? What is the role of inclusions and 

possible substitution of paramagnetic and other elements in the quartz crystals, and how do 

they affect the magnetic anisotropy of quartz? It is a mineral possible to target using the 

technique for diamagnetic separation (Schmidt et al., 2007a). Substitution of paramagnetic 

elements in single-crystals is worth to continue exploring, for minerals other than 

carbonates. Recent work by Belley et al. (2009) is an example of this, where the magneti 

properties of Fe-Mg solid solution in olivine is investigated. Although they investigated 

only a few crystals, the degree of magnetic anisotropy depended on the amount of Fe in the 

solid-solution. 
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Appendix A: Rotation of tensors 

A.1 A rotation matrix for the MATLAB t_anis.m routine 

Measurements of magnetic anisotropy for specimens drilled in the field and laboratory 

generally needs to be re-oriented to a common reference frame. This is done by rotating the 

second-rank AMS tensor using the general transformation law for a second rank tensor 

   klklij
'
ij kk        (A1.1), 

where kij
’ is the transformed tensor, ij is the 33 rotation matrix, and kkl is the original 

tensor. Note that equation A1.1 is also expressed as [k’] = [][k][]T, where T is the 

transpose of . The general convention is that cores are drilled with respect to the dip and 

direction of dip (direction of dip is perpendicular to the strike). The rotation matrix (ij) 

used to transform the tensor from sample coordinates to geographic coordinates is 
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  (A1.2). 

In (A1.2) DP is the sample dip/plunge and AP is the sample azimuth (dip direction). 

 

A.2 Euler angle routine for MATLAB 

The MATLAB m-code, Euler_rot.m, has been written for rotation of second rank 

tensors with the Euler angle scheme (φ1 ψ φ2), using the “x-convention” (Bunge, 1982). 

Consider the susceptibility tensor 
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This tensor can be rotated using three component matrices 
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200 APPENDIX A 

 

   























cossin

sincosC

0

0

001

    (A1.5); 
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A transformation from one reference frame to another is illustrated in Figure A1, using 

equations (A1.4) – (A1.6). The first rotation, with angle φ1, is about the Z-axis using 

equation (A1.4); the second rotation is about the former x-axis (now x´) with the angle ψ, 

using equation (A1.5); the final rotation is about the formed z-axis (now z´) with the angle 

φ2, using equation (A1.6). Note that the angles are restricted such that 0°  φ1,φ2  360° and 

0°  ψ  180°. The rotation matrix, A, is obtained by 

    A = B C D     (A1.7). 

To obtain the rotated tensor, k’, 

    k’ = A k AT     (A1.8), 

where AT is the transpose matrix of A. The principal axes of k’ (eigenvectors) are converted 

to lie on the lower hemisphere of an equal area stereographic projection. 

N

Z

z·

x·
�1

�

�2
Y

X

y·

 
Figure A.1: Rotation scheme for transforming the coordinate system using the Euler angle 
scheme to a new coordinate system, based on the “x-convention”. 
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Low-field AMS, at room 
temperature 

Sample k(10e-6 SI) K1 (SI) D I K2 (SI) D I K3 (SI) D I U Δk(SI) 

LQ0202B -9.17 -9.10E-06 124 57 -9.16E-06 247 19 -9.24E-06 347 25 0.06 1.45E-07 

LQ0201B -9.02 -8.92E-06 121 81 -9.02E-06 320 9 -9.12E-06 229 3 0.02 1.98E-07 

LQ0201A -9.12 -9.06E-06 186 65 -9.10E-06 314 16 -9.20E-06 50 19 0.42 1.41E-07 

LQ0201C -4.26 -3.98E-06 192 82 -4.25E-06 315 5 -4.54E-06 46 7 0.02 5.59E-07 

LQ0202A -7.34 -7.15E-06 228 86 -7.38E-06 323 0 -7.49E-06 53 4 -0.33 3.45E-07 

LQ0402A -12.01 -1.19E-05 282 20 -1.21E-05 188 12 -1.21E-05 69 67 -0.42 2.60E-07 

LQ0401A -12.28 -1.21E-05 272 26 -1.23E-05 150 47 -1.24E-05 19 31 -0.13 3.40E-07 

LQ0401C -11.80 -1.17E-05 274 21 -1.18E-05 4 1 -1.19E-05 96 69 -0.35 2.80E-07 

LQ0402B -12.30 -1.21E-05 270 12 -1.23E-05 173 33 -1.25E-05 17 55 0.26 3.50E-07 

LQ0402D -11.47 -1.13E-05 276 13 -1.15E-05 177 34 -1.16E-05 23 53 -0.28 2.60E-07 

LQ0401B -12.13 -1.20E-05 262 21 -1.21E-05 161 27 -1.22E-05 26 55 -0.21 2.30E-07 

LQ0402C -11.87 -1.18E-05 263 19 -1.19E-05 167 17 -1.20E-05 39 64 -0.21 2.30E-07 

LQ0502A -12.28 -1.21E-05 241 10 -1.23E-05 149 15 -1.24E-05 3 72 -0.04 3.30E-07 

LQ0501B -12.07 -1.19E-05 252 11 -1.21E-05 160 7 -1.22E-05 38 77 -0.09 3.20E-07 

LQ0502B -12.07 -1.19E-05 252 15 -1.21E-05 156 23 -1.22E-05 12 63 -0.01 2.60E-07 

LQ0501A -11.60 -1.15E-05 253 6 -1.16E-05 159 33 -1.17E-05 351 56 -0.55 2.20E-07 

LQ0601B -10.26 -9.93E-06 62 0 -1.01E-05 152 7 -1.07E-05 332 83 0.54 8.02E-07 

LQ0602 -12.01 -1.18E-05 257 7 -1.20E-05 164 24 -1.22E-05 2 65 -0.20 3.20E-07 

LQ0603 -10.96 -1.09E-05 235 16 -1.10E-05 348 55 -1.10E-05 135 30 -0.54 1.40E-07 

LQ0601A -11.08 -1.10E-05 76 5 -1.11E-05 168 17 -1.12E-05 332 72 -0.62 1.60E-07 

LQ0701A -6.92 -6.83E-06 143 51 -6.91E-06 343 37 -7.02E-06 246 10 0.18 1.88E-07 

LQ07BA -9.12 -9.07E-06 236 73 -9.13E-06 337 3 -9.17E-06 68 17 -0.20 1.02E-07 

LQ07BB -6.16 -6.04E-06 171 49 -6.20E-06 3 40 -6.25E-06 268 6 -0.49 2.18E-07 

LQ07BC -8.94 -8.89E-06 232 39 -8.92E-06 141 1 -9.00E-06 50 51 0.51 1.15E-07 

LQ0701D -9.32 -9.28E-06 163 74 -9.32E-06 302 12 -9.36E-06 34 10 0.08 7.40E-08 

LQ07BD -9.25 -9.16E-06 145 79 -9.27E-06 53 0 -9.31E-06 323 12 -0.46 1.46E-07 

LQ0701C -7.68 -7.56E-06 109 80 -7.70E-06 346 6 -7.79E-06 255 9 -0.22 2.31E-07 

LQ0801C -7.03 -6.95E-06 61 65 -7.03E-06 154 1 -7.11E-06 244 25 0.00 1.54E-07 

LQ0801B -6.64 -6.55E-06 43 81 -6.66E-06 163 4 -6.70E-06 253 7 -0.45 1.48E-07 

LQ0801D -7.07 -7.00E-06 2 73 -7.09E-06 114 7 -7.12E-06 206 16 -0.55 1.25E-07 

LQ0801E -4.15 -3.99E-06 122 54 -4.21E-06 1 21 -4.26E-06 259 28 -0.61 2.73E-07 

LQ0802B -7.02 -6.92E-06 62 76 -7.05E-06 194 10 -7.10E-06 285 11 -0.47 1.76E-07 

LQ0802C -6.28 -6.16E-06 56 68 -6.29E-06 161 6 -6.39E-06 253 21 -0.13 2.34E-07 

LQ0802D -6.42 -6.31E-06 68 80 -6.45E-06 161 1 -6.51E-06 251 10 -0.44 1.99E-07 

LQ0802A -2.84 -2.62E-06 133 63 -2.93E-06 356 21 -2.97E-06 259 17 -0.78 3.49E-07 
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LQ0901B -8.35 -8.30E-06 355 73 -8.35E-06 184 17 -8.39E-06 93 3 -0.05 9.20E-08 

LQ0901C -4.77 -4.62E-06 115 13 -4.75E-06 25 1 -4.93E-06 292 77 0.18 3.15E-07 

LQ0902B -8.26 -8.24E-06 216 76 -8.26E-06 337 7 -8.29E-06 69 12 -0.05 5.00E-08 

LQ0902C -2.09 -1.83E-06 117 18 -2.04E-06 212 16 -2.39E-06 341 65 0.26 5.62E-07 

LQ0901A -9.21 -9.17E-06 130 24 -9.21E-06 222 5 -9.25E-06 323 65 0.10 8.30E-08 

LQ0902A -8.72 -8.62E-06 190 88 -8.73E-06 307 1 -8.82E-06 37 2 -0.10 2.00E-07 

LQ11C -7.78 -7.69E-06 321 33 -7.77E-06 229 3 -7.87E-06 133 57 0.05 1.87E-07 

LQ11A -7.46 -7.39E-06 334 28 -7.46E-06 190 57 -7.53E-06 73 16 -0.06 1.42E-07 

LQ11C -7.20 -7.12E-06 109 77 -7.19E-06 0 4 -7.28E-06 269 12 0.05 1.57E-07 

LQ11B -7.33 -7.26E-06 312 36 -7.35E-06 190 37 -7.37E-06 70 33 -0.63 1.09E-07 

LQ13B -12.62 -1.25E-05 72 46 -1.26E-05 168 6 -1.28E-05 263 43 0.10 3.30E-07 

LQ13C -12.21 -1.20E-05 90 50 -1.22E-05 182 2 -1.24E-05 274 40 -0.25 3.10E-07 

LQ13D -12.36 -1.22E-05 70 43 -1.24E-05 175 15 -1.26E-05 280 43 0.10 3.90E-07 

LQ13A -12.51 -1.24E-05 83 43 -1.25E-05 184 11 -1.27E-05 285 44 0.49 3.10E-07 

LQ14A -5.55 -5.40E-06 326 20 -5.57E-06 229 18 -5.67E-06 99 63 -0.29 2.74E-07 

LQ14D -5.44 -5.26E-06 321 21 -5.48E-06 223 19 -5.59E-06 95 61 -0.35 3.37E-07 

LQ14C -6.22 -6.06E-06 319 25 -6.24E-06 221 16 -6.36E-06 102 60 -0.21 2.99E-07 

LQ14B -6.18 -5.98E-06 325 24 -6.23E-06 222 26 -6.33E-06 92 53 -0.45 3.52E-07 

UQ0101B -10.53 -1.04E-05 71 59 -1.05E-05 219 27 -1.06E-05 317 14 0.23 2.10E-07 

UQ0102A -10.05 -9.99E-06 109 76 -1.00E-05 243 10 -1.01E-05 335 10 0.53 1.48E-07 

UQ0101A -10.21 -1.01E-05 80 56 -1.02E-05 247 34 -1.03E-05 341 6 0.19 1.60E-07 

UQ0102C -9.31 -9.25E-06 203 2 -9.28E-06 299 72 -9.40E-06 112 18 0.52 1.47E-07 

UQ0102B -9.90 -9.84E-06 69 51 -9.86E-06 232 38 -1.00E-05 329 9 0.78 1.59E-07 

UQ0203B -8.33 -8.25E-06 273 76 -8.34E-06 154 7 -8.40E-06 62 13 -0.16 1.55E-07 

UQ0203B -8.10 -8.05E-06 295 73 -8.11E-06 172 9 -8.14E-06 80 14 -0.40 9.40E-08 

UQ0202A -7.53 -7.36E-06 43 87 -7.60E-06 304 0 -7.62E-06 214 3 -0.80 2.61E-07 

UQ0201B -7.48 -7.35E-06 23 80 -7.51E-06 218 10 -7.56E-06 128 3 -0.54 2.12E-07 

UQ0203A -7.91 -7.80E-06 205 76 -7.92E-06 28 14 -8.00E-06 298 1 -0.16 1.98E-07 

UQ0202B -8.16 -8.02E-06 335 85 -8.19E-06 222 2 -8.25E-06 132 5 -0.47 2.29E-07 

UQ0202C -7.68 -7.56E-06 38 77 -7.72E-06 194 12 -7.76E-06 285 6 -0.63 2.08E-07 

UQ0201A -8.08 -7.94E-06 55 78 -8.13E-06 168 5 -8.17E-06 259 11 -0.63 2.32E-07 

UQ0201C -7.89 -7.78E-06 5 80 -7.92E-06 174 10 -7.96E-06 264 2 -0.52 1.88E-07 

UQ0302A -7.83 -7.78E-06 108 25 -7.81E-06 328 58 -7.90E-06 207 18 0.64 1.18E-07 

UQ0301C -7.94 -7.89E-06 322 62 -7.93E-06 119 26 -7.98E-06 214 10 0.25 9.00E-08 

UQ0301A -6.63 -6.61E-06 16 53 -6.62E-06 110 3 -6.66E-06 203 37 0.46 5.20E-08 

UQ0302C -7.60 -7.57E-06 119 57 -7.59E-06 307 33 -7.64E-06 214 4 0.34 7.10E-08 

UQ0301B -7.98 -7.92E-06 311 63 -7.96E-06 105 25 -8.06E-06 200 11 0.45 1.36E-07 

UQ0302B -6.19 -6.13E-06 311 33 -6.19E-06 99 53 -6.26E-06 211 16 0.09 1.33E-07 

UQ0401 -11.22 -1.11E-05 122 1 -1.12E-05 212 11 -1.14E-05 26 79 0.55 2.60E-07 

UQ0402 -11.59 -1.15E-05 277 3 -1.15E-05 187 11 -1.17E-05 22 79 0.89 2.10E-07 

UQ0403 -11.06 -1.09E-05 292 1 -1.10E-05 202 13 -1.12E-05 26 77 0.29 2.70E-07 
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UQ0601 -7.95 -7.92E-06 312 24 -7.95E-06 180 57 -7.97E-06 52 22 0.01 5.00E-08 

UQ0701 -7.54 -7.35E-06 338 82 -7.59E-06 81 2 -7.69E-06 171 8 -0.42 3.32E-07 

UQ0702A -6.96 -6.72E-06 319 82 -7.07E-06 159 8 -7.08E-06 68 3 -0.95 3.63E-07 

UQ0702B -7.96 -7.83E-06 325 76 -8.01E-06 122 13 -8.05E-06 213 6 -0.63 2.22E-07 

UQ0801 -5.83 -5.56E-06 7 84 -5.94E-06 159 6 -5.99E-06 249 3 -0.73 4.34E-07 

UQ1001 -11.32 -1.12E-05 292 1 -1.13E-05 22 5 -1.15E-05 197 85 0.87 2.20E-07 

UQ1004 -11.20 -1.11E-05 278 3 -1.11E-05 8 4 -1.14E-05 147 85 0.68 2.50E-07 

UQ1002 -11.42 -1.13E-05 313 7 -1.14E-05 45 11 -1.16E-05 191 77 0.42 3.10E-07 

UQ1003 -11.30 -1.12E-05 318 6 -1.12E-05 49 10 -1.15E-05 196 78 0.73 3.10E-07 

UQ1101A -9.73 -9.71E-06 93 9 -9.73E-06 183 2 -9.75E-06 287 80 -0.13 4.00E-08 

UQ1101C -9.44 -9.41E-06 358 77 -9.42E-06 160 12 -9.48E-06 251 4 0.57 7.10E-08 

UQ1102B -10.27 -1.02E-05 359 11 -1.03E-05 268 2 -1.03E-05 166 78 0.17 1.00E-07 

UQ1102C -9.77 -9.75E-06 164 45 -9.76E-06 323 44 -9.80E-06 64 11 0.51 5.60E-08 

UQ1101B -9.47 -9.41E-06 234 49 -9.44E-06 24 37 -9.55E-06 126 15 0.61 1.38E-07 

UQ1102A -10.00 -9.98E-06 91 56 -9.98E-06 235 29 -1.01E-05 335 17 0.76 7.50E-08 

UQ1102D -9.86 -9.78E-06 294 69 -9.85E-06 30 2 -9.93E-06 121 21 0.04 1.51E-07 

UQ1501 -9.80 -9.70E-06 310 0 -9.76E-06 40 3 -9.95E-06 218 88 0.57 2.42E-07 

UQ1502 -10.76 -1.07E-05 106 2 -1.07E-05 16 2 -1.09E-05 237 87 0.42 2.00E-07 

MSZ02A -10.90 -1.08E-05 72 5 -1.09E-05 163 12 -1.10E-05 321 77 0.31 1.40E-07 

MSZ02B -11.40 -1.13E-05 80 2 -1.14E-05 170 3 -1.15E-05 326 86 0.62 2.00E-07 

MSZ03A -9.68 -9.56E-06 1 17 -9.71E-06 268 11 -9.77E-06 146 70 -0.49 2.03E-07 

MSZ03B -9.57 -9.48E-06 140 3 -9.54E-06 50 3 -9.69E-06 275 86 0.42 2.02E-07 

MSZ04S1A -5.76 -5.63E-06 157 75 -5.80E-06 290 10 -5.86E-06 22 10 -0.44 2.38E-07 

MSZ04S1C -7.64 -7.54E-06 48 83 -7.67E-06 292 3 -7.72E-06 202 6 -0.38 1.81E-07 

MSZ04S1B -7.04 -6.92E-06 116 79 -7.08E-06 297 12 -7.11E-06 207 0 -0.69 1.90E-07 

MSZ0403C -7.92 -7.85E-06 210 40 -7.92E-06 348 41 -7.98E-06 99 23 0.00 1.31E-07 

MSZ0403B -6.95 -6.90E-06 159 16 -6.94E-06 31 66 -7.00E-06 255 18 0.21 1.00E-07 

MSZ0404A -8.02 -7.99E-06 359 12 -8.01E-06 97 33 -8.05E-06 253 54 0.25 6.70E-08 

MSZ0404B -8.50 -8.46E-06 352 14 -8.50E-06 126 70 -8.54E-06 258 14 0.05 8.40E-08 

MSZ0408A -9.59 -9.45E-06 14 59 -9.59E-06 282 1 -9.72E-06 191 31 -0.05 2.72E-07 

MSZ0401A -0.75 -3.35E-07 203 69 -9.12E-07 8 20 -9.98E-07 100 5 -0.74 6.63E-07 

MSZ0408B -9.04 -8.98E-06 319 54 -9.03E-06 80 21 -9.12E-06 181 29 0.25 1.39E-07 

MSZ0403A -7.74 -7.70E-06 288 69 -7.73E-06 171 10 -7.81E-06 78 19 0.49 1.10E-07 

MSZ0406B -5.27 -5.23E-06 27 37 -5.26E-06 269 32 -5.31E-06 151 37 0.28 8.20E-08 

MSZ0405A -8.79 -8.71E-06 317 1 -8.81E-06 47 29 -8.86E-06 226 61 -0.29 1.58E-07 

MSZ0405B -9.15 -9.11E-06 298 4 -9.13E-06 29 18 -9.21E-06 196 72 0.47 9.90E-08 

MSZ06BA -8.03 -7.85E-06 106 85 -8.08E-06 328 4 -8.15E-06 238 4 -0.54 2.95E-07 

MSZ06BB -6.57 -6.29E-06 45 83 -6.66E-06 179 5 -6.76E-06 269 5 -0.61 4.69E-07 

MSZ06BD -7.97 -7.85E-06 177 75 -7.98E-06 342 15 -8.08E-06 73 4 -0.09 2.27E-07 

MSZ06CA -7.77 -7.59E-06 8 82 -7.81E-06 164 7 -7.90E-06 254 3 -0.44 3.14E-07 

MSZ06CB -7.86 -7.68E-06 236 76 -7.93E-06 4 9 -7.98E-06 96 11 -0.66 3.00E-07 
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MSZ06BC -7.39 -7.17E-06 40 82 -7.46E-06 170 5 -7.55E-06 260 6 -0.54 3.82E-07 

MSZ06AB -6.22 -6.10E-06 20 82 -6.22E-06 188 8 -6.35E-06 278 2 0.05 2.56E-07 

MSZ06AB -2.60 -2.42E-06 330 70 -2.60E-06 168 20 -2.79E-06 76 6 0.02 3.71E-07 

MSZ08AD -12.89 -1.27E-05 221 31 -1.28E-05 314 5 -1.31E-05 53 58 0.85 4.00E-07 

MSZ08AA -12.86 -1.27E-05 166 14 -1.28E-05 262 23 -1.31E-05 47 62 0.76 3.80E-07 

MSZ08CB -11.96 -1.18E-05 301 17 -1.19E-05 206 17 -1.22E-05 74 65 0.80 3.40E-07 

MSZ08CC -12.06 -1.19E-05 206 18 -1.20E-05 300 14 -1.23E-05 67 67 0.49 4.30E-07 

MSZ08CD -11.37 -1.12E-05 199 18 -1.13E-05 296 22 -1.16E-05 73 61 0.53 3.90E-07 

MSZ08AB -12.90 -1.28E-05 173 20 -1.28E-05 274 27 -1.31E-05 51 55 0.61 3.80E-07 

MSZ08AE -12.44 -1.23E-05 222 32 -1.24E-05 316 7 -1.27E-05 57 57 0.86 3.50E-07 

MSZ08BC -12.41 -1.23E-05 199 13 -1.24E-05 292 14 -1.26E-05 68 71 0.35 2.90E-07 

MSZ08BA -12.66 -1.25E-05 203 17 -1.26E-05 298 14 -1.28E-05 65 68 0.36 2.60E-07 

MSZ08BD -11.81 -1.17E-05 226 11 -1.18E-05 317 7 -1.20E-05 79 78 0.74 2.30E-07 

MSZ08AC -12.97 -1.28E-05 200 26 -1.29E-05 297 14 -1.32E-05 52 60 0.63 3.90E-07 

MSZ08BB -12.09 -1.20E-05 217 9 -1.21E-05 309 9 -1.22E-05 82 78 0.47 2.40E-07 

MSZ08AF -12.51 -1.24E-05 188 15 -1.24E-05 283 18 -1.28E-05 61 67 0.90 4.40E-07 

MSZ09BB -2.71 -2.61E-06 145 79 -2.73E-06 298 10 -2.80E-06 29 5 -0.21 1.88E-07 

MSZ09AA -0.79 -4.42E-07 121 79 -8.90E-07 271 10 -1.03E-06 2 5 -0.53 5.87E-07 

 

Room temperature HF-AMS (paramagnetic + diamagnetic) 

Sample l1 D I l2 D I l3 D I k (SI) U 

LQ0201A 6.81E-08 147 70 -9.77E-09 322 20 -5.83E-08 52 2 1.26E-07 -0.23 

LQ0201B 5.00E-08 189 81 -1.20E-09 312 5 -4.88E-08 43 8 9.88E-08 -0.04 

LQ0202B 5.80E-08 148 73 -5.21E-09 316 17 -5.27E-08 47 3 1.11E-07 -0.14 

LQ0301B 4.49E-07 124 57 -1.65E-08 333 30 -4.32E-07 235 13 8.81E-07 -0.06 

LQ0302 4.61E-07 118 55 -2.15E-08 331 30 -4.40E-07 231 16 9.01E-07 -0.07 

LQ0401A 1.29E-07 267 19 -1.12E-08 165 31 -1.18E-07 24 52 2.46E-07 -0.14 

LQ0402B 1.51E-07 272 16 -2.13E-08 172 30 -1.29E-07 26 56 2.80E-07 -0.23 

LQ0501A 1.10E-07 250 6 -3.30E-08 159 13 -7.69E-08 4 76 1.87E-07 -0.53 

LQ0501B 1.32E-07 250 11 -5.08E-09 159 5 -1.27E-07 46 78 2.60E-07 -0.06 

LQ0601B 1.31E-07 250 5 -1.88E-08 159 19 -1.12E-07 354 70 2.44E-07 -0.23 

LQ0602 1.26E-07 252 10 -1.55E-08 156 30 -1.11E-07 358 58 2.37E-07 -0.20 

LQ0603 1.10E-07 247 13 -4.59E-08 353 50 -6.43E-08 148 37 1.75E-07 -0.79 

LQ0701D 4.44E-08 148 72 -2.09E-09 345 17 -4.23E-08 253 5 8.66E-08 -0.07 

LQ0801E 1.53E-07 117 65 -4.62E-08 5 10 -1.07E-07 271 23 2.59E-07 -0.53 

LQ0802B 1.03E-07 45 65 -1.04E-08 160 11 -9.27E-08 254 22 1.96E-07 -0.16 

LQ0901A 1.74E-08 286 68 6.71E-09 20 2 -2.41E-08 111 22 4.15E-08 0.49 

LQ0901B 4.23E-08 12 69 -1.04E-09 156 17 -4.12E-08 249 11 8.35E-08 -0.04 

LQ0902B 3.76E-08 7 64 7.84E-09 159 23 -4.54E-08 254 11 8.30E-08 0.28 

LQ11A 7.43E-08 330 19 -2.80E-08 230 26 -4.63E-08 92 57 1.21E-07 -0.70 

LQ11C 6.09E-08 323 17 -1.87E-08 229 12 -4.22E-08 105 69 1.03E-07 -0.54 
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LQ13A 1.48E-07 87 43 -7.67E-09 184 7 -1.41E-07 281 46 2.89E-07 -0.08 

LQ13C 1.45E-07 92 39 -9.86E-09 186 5 -1.35E-07 282 51 2.80E-07 -0.11 

LQ14B 1.84E-07 316 22 -3.52E-08 217 22 -1.48E-07 86 58 3.32E-07 -0.32 

LQ14D 1.71E-07 318 24 -3.44E-08 219 20 -1.37E-07 94 58 3.09E-07 -0.33 

UQ0101A 3.84E-08 99 79 1.78E-08 252 10 -5.62E-08 342 5 9.46E-08 0.56 

UQ0202B 8.72E-08 63 84 -3.38E-08 155 0 -5.34E-08 245 6 1.41E-07 -0.72 

UQ0301C 1.88E-08 114 77 1.00E-08 303 13 -2.88E-08 212 2 4.76E-08 0.63 

UQ0401 8.61E-08 239 4 4.60E-08 149 1 -1.32E-07 46 86 2.18E-07 0.63 

UQ0601 4.72E-08 1 78 -1.39E-08 162 11 -3.33E-08 252 4 8.05E-08 -0.52 

UQ0701 1.65E-07 304 80 -7.81E-08 43 2 -8.71E-08 133 10 2.52E-07 -0.93 

UQ0702B 1.27E-07 349 87 -4.88E-08 101 1 -7.83E-08 191 3 2.05E-07 -0.71 

UQ0801 2.66E-07 30 85 -1.27E-07 135 1 -1.39E-07 225 5 4.05E-07 -0.94 

UQ0901A 2.56E-07 326 9 1.39E-07 62 33 -3.95E-07 222 55 6.51E-07 0.64 

UQ1001 9.08E-08 301 4 5.13E-08 32 9 -1.42E-07 185 80 2.33E-07 0.66 

UQ1101A 1.74E-08 170 26 -6.28E-09 267 13 -1.11E-08 22 61 2.85E-08 -0.66 

UQ1101B 8.20E-09 237 87 -2.95E-11 117 2 -8.17E-09 27 3 1.64E-08 -0.01 

UQ1102A 1.98E-08 75 3 2.64E-09 166 14 -2.24E-08 334 75 4.22E-08 0.19 

UQ1102C 1.35E-08 109 55 1.17E-09 359 13 -1.46E-08 261 31 2.81E-08 0.12 

UQ1102D 1.99E-08 307 72 1.62E-09 136 18 -2.15E-08 45 3 4.14E-08 0.12 

UQ1501 7.42E-08 260 2 3.07E-08 351 11 -1.05E-07 162 79 1.79E-07 0.51 

MSZ0401A 4.46E-07 196 69 -1.92E-07 350 19 -2.54E-07 83 9 7.00E-07 -0.82 

MSZ0403C 4.83E-08 203 35 -1.66E-08 39 53 -3.16E-08 298 8 7.99E-08 -0.62 

MSZ0404B 2.56E-08 151 0 1.02E-08 61 47 -3.58E-08 241 43 6.14E-08 0.50 

MNS1006A 3.07E-07 185 49 8.20E-08 36 37 -3.89E-07 294 16 6.96E-07 0.35 

MNS1016A 1.90E-08 153 15 -1.83E-09 275 63 -1.71E-08 57 22 3.61E-08 -0.15 

MNS1016C 1.57E-08 114 73 -4.65E-09 250 12 -1.10E-08 343 11 2.67E-08 -0.52 

MNS1017A 2.13E-06 239 11 1.26E-07 147 7 -2.25E-06 25 77 4.38E-06 0.08 

MNS1018A 2.43E-06 238 11 -2.26E-07 146 10 -2.21E-06 15 75 4.64E-06 -0.14 

MNS1019A 5.20E-08 152 81 -1.44E-08 328 9 -3.76E-08 59 1 8.96E-08 -0.48 

MNS1019B 9.73E-08 178 76 -1.57E-08 272 1 -8.16E-08 3 14 1.79E-07 -0.26 

MNS21A 6.07E-06 89 11 1.04E-06 283 79 -7.12E-06 179 3 1.32E-05 0.24 

MNS21B 6.82E-06 87 11 1.12E-06 283 79 -7.94E-06 177 3 1.48E-05 0.23 

MNS21C 6.64E-06 88 11 1.22E-06 282 79 -7.85E-06 179 3 1.45E-05 0.25 

MNS2201A 2.20E-08 358 78 4.18E-10 265 1 -2.24E-08 175 12 4.44E-08 0.03 

MNS2201B 3.07E-08 76 32 1.55E-08 291 53 -4.62E-08 177 17 7.69E-08 0.60 

MNS2202A 3.66E-08 59 49 2.01E-08 270 37 -5.67E-08 168 15 9.33E-08 0.65 

MNS2202B 2.70E-08 71 42 1.44E-08 283 43 -4.14E-08 177 17 6.84E-08 0.63 

MNS2202D 3.17E-08 261 11 2.09E-08 14 64 -5.26E-08 167 24 8.43E-08 0.74 

MNS2301A 5.87E-08 67 83 7.24E-10 252 7 -5.94E-08 162 1 1.18E-07 0.02 

MNS2301B 4.71E-08 218 84 -2.09E-09 98 3 -4.50E-08 8 6 9.21E-08 -0.07 
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MNS2401C 2.75E-08 20 46 3.13E-09 230 40 -3.07E-08 127 15 5.82E-08 0.16 

MNS2402C 1.05E-08 255 19 5.93E-09 165 0 -1.64E-08 75 71 2.69E-08 0.66 

MNS27A 2.05E-07 2 9 -9.02E-08 93 6 -1.15E-07 213 79 3.20E-07 -0.85 

MNS27B 1.69E-07 353 4 -6.49E-08 88 52 -1.05E-07 260 37 2.74E-07 -0.71 

MNS28A 5.28E-07 194 3 -2.03E-07 102 41 -3.25E-07 287 49 8.53E-07 -0.71 

MNS28C 5.26E-07 197 4 -2.18E-07 104 34 -3.08E-07 293 55 8.34E-07 -0.78 

MNS29 1.69E-07 311 5 -3.37E-08 220 8 -1.36E-07 74 80 3.05E-07 -0.33 

MNS30A 1.21E-06 359 6 -5.98E-07 265 33 -6.11E-07 98 56 1.82E-06 -0.99 

MNS32A 1.02E-07 235 21 5.85E-08 136 22 -1.60E-07 4 59 2.62E-07 0.67 

MNS32C 7.85E-08 235 9 -6.59E-09 144 8 -7.19E-08 13 77 1.50E-07 -0.13 

Malm 1.13E-07 340 7 8.42E-08 102 78 -1.97E-07 249 10 3.10E-07 0.81 

Barremian 1.25E-07 68 5 -5.44E-08 211 84 -7.04E-08 338 4 1.95E-07 -0.84 

Urg. W. 7.91E-08 241 79 4.43E-08 355 5 -1.23E-07 86 10 2.02E-07 0.66 

Urg. G. 5.95E-07 74 1 -2.75E-07 172 85 -3.20E-07 343 5 9.15E-07 -0.90 

 

77 K HF-AMS (paramagnetic + diamagnetic) 

Sample l1 D I l2 D I l3 D I k (SI) U k(LT)/k(RT) 

LQ0201A 3.19E-06 177 81 -5.99E-08 316 7 -3.13E-06 47 6 6.33E-06 -0.03 50.06 

LQ0201B 2.94E-06 167 83 1.93E-07 318 6 -3.13E-06 49 3 6.07E-06 0.09 61.44 

LQ0202B 2.85E-06 149 68 2.33E-07 316 21 -3.08E-06 48 5 5.93E-06 0.12 53.57 

LQ0301B 9.99E-06 97 73 -7.50E-07 327 11 -9.24E-06 234 13 1.92E-05 -0.12 21.82 

LQ0302 1.01E-05 88 72 -6.36E-07 325 10 -9.45E-06 232 15 1.95E-05 -0.10 21.70 

LQ0401A 7.10E-07 34 64 1.06E-07 174 20 -8.16E-07 270 15 1.53E-06 0.21 6.19 

LQ0402B 7.20E-07 33 62 7.78E-08 176 23 -7.97E-07 273 15 1.52E-06 0.15 5.42 

LQ0501A 8.59E-07 37 84 2.69E-07 164 4 -1.13E-06 254 5 1.99E-06 0.41 10.64 

LQ0501B 9.68E-07 46 79 9.76E-08 160 4 -1.07E-06 250 10 2.03E-06 0.14 7.83 

LQ0601B 8.18E-07 5 74 2.62E-07 160 14 -1.08E-06 251 7 1.90E-06 0.41 7.79 

LQ0602 9.37E-07 12 74 9.93E-08 161 14 -1.04E-06 253 8 1.97E-06 0.15 8.33 

LQ0603 8.55E-07 117 75 3.92E-07 340 11 -1.25E-06 249 10 2.10E-06 0.56 12.04 

LQ0701D 3.04E-06 147 82 -1.16E-06 7 6 -1.88E-06 277 5 4.92E-06 -0.70 56.85 

LQ0801E 4.63E-06 48 62 -1.82E-07 172 17 -4.45E-06 269 22 9.08E-06 -0.06 35.01 

LQ0802B 3.69E-06 35 61 -4.55E-08 170 21 -3.64E-06 267 18 7.33E-06 -0.02 37.40 

LQ0901A 2.87E-06 4 67 -5.49E-07 153 20 -2.32E-06 247 11 5.19E-06 -0.32 125.11 

LQ0901B 3.67E-06 11 70 -5.98E-07 156 17 -3.07E-06 249 11 6.75E-06 -0.27 80.83 

LQ0902B 3.66E-06 16 70 -6.54E-07 161 16 -3.01E-06 255 11 6.68E-06 -0.29 80.42 

LQ11A 3.71E-06 308 26 -5.76E-07 212 12 -3.13E-06 99 61 6.84E-06 -0.25 56.70 

LQ11C 3.42E-06 309 24 -5.67E-07 212 14 -2.86E-06 94 62 6.28E-06 -0.27 60.87 

LQ13A 6.20E-07 288 49 3.82E-08 182 13 -6.58E-07 81 38 1.28E-06 0.09 4.42 

LQ13C 5.43E-07 271 50 9.32E-08 176 4 -6.36E-07 82 39 1.18E-06 0.24 4.21 
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LQ14B 5.72E-06 310 23 -1.30E-06 210 23 -4.41E-06 79 57 1.01E-05 -0.39 30.53 

LQ14D 5.78E-06 310 27 -1.38E-06 210 20 -4.40E-06 88 56 1.02E-05 -0.41 33.02 

UQ0101A 3.02E-06 336 7 -1.31E-06 239 45 -1.72E-06 73 44 4.74E-06 -0.83 50.11 

UQ0202B 5.14E-06 33 83 -2.21E-06 156 4 -2.92E-06 246 6 8.06E-06 -0.82 57.33 

UQ0301C 3.57E-06 204 16 -1.57E-06 310 43 -2.00E-06 99 42 5.57E-06 -0.85 117.02 

UQ0401 1.72E-06 56 87 -6.13E-07 162 1 -1.11E-06 253 3 2.83E-06 -0.65 12.98 

UQ0601 4.49E-06 339 80 -1.86E-06 143 10 -2.63E-06 233 3 7.12E-06 -0.78 88.45 

UQ0701 4.79E-06 303 84 -1.89E-06 125 6 -2.90E-06 35 0 7.69E-06 -0.74 30.50 

UQ0702B 4.76E-06 354 87 -1.89E-06 112 1 -2.86E-06 202 3 7.62E-06 -0.75 37.12 

UQ0801 9.08E-06 14 85 -4.32E-06 147 3 -4.76E-06 237 4 1.38E-05 -0.94 34.17 

UQ0901A 4.10E-06 30 67 -2.93E-07 295 2 -3.81E-06 204 23 7.91E-06 -0.11 12.15 

UQ1001 1.82E-06 176 83 -6.95E-07 36 6 -1.12E-06 306 5 2.94E-06 -0.71 12.63 

UQ1101A 4.07E-06 316 78 -1.77E-06 143 12 -2.30E-06 53 1 6.37E-06 -0.83 223.51 

UQ1101B 3.94E-06 318 80 -1.69E-06 142 10 -2.26E-06 52 1 6.20E-06 -0.82 378.74 

UQ1102A 3.83E-06 320 83 -1.71E-06 136 7 -2.11E-06 227 0 5.94E-06 -0.87 140.76 

UQ1102C 4.09E-06 318 81 -1.81E-06 138 9 -2.28E-06 228 0 6.37E-06 -0.85 226.69 

UQ1102D 4.41E-06 303 78 -1.90E-06 146 11 -2.51E-06 55 5 6.92E-06 -0.82 167.15 

UQ1501 3.22E-06 140 80 -1.30E-06 344 9 -1.92E-06 253 4 5.14E-06 -0.76 28.68 

MSZ0401A 1.10E-05 190 68 -4.56E-06 3 22 -6.48E-06 94 3 1.75E-05 -0.78 25.03 

MSZ0403C 4.56E-06 204 41 -1.30E-06 40 48 -3.26E-06 301 8 7.82E-06 -0.50 97.91 

MSZ0404B 2.99E-06 224 56 -7.86E-07 79 29 -2.20E-06 340 16 5.18E-06 -0.45 84.40 

MNS1006A 5.94E-06 181 47 1.53E-06 34 38 -7.47E-06 290 17 1.34E-05 0.34 19.27 

MNS1016A 2.01E-06 61 73 -2.15E-07 225 16 -1.79E-06 317 4 3.80E-06 -0.17 105.26 

MNS1016C 3.43E-06 72 78 -1.22E-06 228 11 -2.21E-06 319 5 5.64E-06 -0.65 211.24 

MNS1017A 1.48E-05 238 15 -5.71E-07 144 15 -1.42E-05 11 69 2.90E-05 -0.06 6.62 

MNS1018A 1.95E-05 238 14 -3.42E-06 143 18 -1.61E-05 4 67 3.56E-05 -0.29 7.67 

MNS1019A 4.35E-06 123 79 -1.85E-06 295 11 -2.51E-06 25 2 6.86E-06 -0.81 76.56 

MNS1019B 5.27E-06 133 77 -2.09E-06 282 11 -3.18E-06 13 6 8.45E-06 -0.74 47.23 

MNS21A 5.96E-05 90 11 1.03E-05 289 78 -6.99E-05 181 4 1.30E-04 0.24 9.82 

MNS21B 6.77E-05 89 11 1.05E-05 286 79 -7.81E-05 180 3 1.46E-04 0.22 9.88 

MNS21C 6.61E-05 91 12 1.10E-05 291 77 -7.71E-05 182 4 1.43E-04 0.23 9.88 

MNS2201A 1.62E-06 176 13 -6.03E-07 307 71 -1.02E-06 83 14 2.64E-06 -0.68 59.46 

MNS2201B 1.24E-06 179 12 -4.51E-07 305 69 -7.92E-07 85 16 2.03E-06 -0.66 26.42 

MNS2202A 1.20E-06 169 19 -4.95E-07 314 67 -7.01E-07 75 12 1.90E-06 -0.78 20.38 

MNS2202B 1.32E-06 171 21 -5.63E-07 314 65 -7.54E-07 76 14 2.07E-06 -0.82 30.32 

MNS2202D 1.19E-06 167 22 -4.81E-07 310 63 -7.08E-07 71 15 1.90E-06 -0.76 22.51 

MNS2301A 1.56E-06 171 6 -5.68E-07 76 37 -9.97E-07 268 53 2.56E-06 -0.66 21.65 

MNS2301B 1.69E-06 170 7 -5.70E-07 76 25 -1.12E-06 274 64 2.81E-06 -0.61 30.51 

MNS2401C 1.21E-06 4 17 -3.24E-07 258 42 -8.86E-07 111 43 2.10E-06 -0.46 36.01 

MNS2402C 1.21E-06 177 12 -4.34E-07 273 24 -7.81E-07 63 63 1.99E-06 -0.65 74.01 
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MNS27A 7.01E-06 356 7 -2.77E-06 91 36 -4.24E-06 257 53 1.13E-05 -0.74 35.16 

MNS27B 6.80E-06 356 7 -2.65E-06 92 42 -4.15E-06 258 47 1.10E-05 -0.73 39.96 

MNS28A 1.51E-05 192 6 -6.37E-06 97 40 -8.75E-06 289 49 2.39E-05 -0.80 27.96 

MNS28C 1.47E-05 193 8 -6.04E-06 97 40 -8.67E-06 292 49 2.34E-05 -0.77 28.02 

MNS29 8.35E-06 162 2 -3.34E-06 253 35 -5.01E-06 70 55 1.34E-05 -0.75 43.80 

MNS30A 2.21E-05 2 6 -1.06E-05 267 41 -1.16E-05 99 48 3.37E-05 -0.94 18.51 

MNS32A 6.30E-07 57 76 -1.19E-07 168 5 -5.12E-07 259 13 1.14E-06 -0.31 4.36 

MNS32C 3.07E-07 118 72 -4.90E-08 332 15 -2.58E-07 240 10 5.65E-07 -0.26 3.76 

Malm 1.48E-07 12 76 8.69E-08 165 13 -2.35E-07 256 6 3.83E-07 0.68 1.24 

Barremian 6.12E-06 69 7 -2.79E-06 250 83 -3.33E-06 159 0 9.45E-06 -0.89 48.36 

Urg. W. 9.27E-07 87 10 -3.27E-07 355 9 -6.00E-07 224 76 1.53E-06 -0.64 7.56 

Urg. G. 1.49E-05 255 1 -7.10E-06 345 46 -7.75E-06 164 44 2.27E-05 -0.94 24.75 
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Appendix C: Seismic reflection of a large scale shear zone 

We evaluate whether a ductile carbonate shear zone can act as a seismic reflector, 

when located in the upper to middle crust in this appendix. This section is discussed in light 

of the measured and predicted physical anisotropies in the Morcles nappe shear zone 

(chapter 5), due to changes in texture and second-phase content along the thrust. Our 

intention is to demonstrate that the variation in strain and texture along the shear zone can 

lead to increasing seismic reflection, when moving from the low-strain towards the high-

strain portion of the shear zone. 

Several studies have focused on the possibility of texture-induced seismic reflection 

(Barroul et al., 1993; Christensen and Szymanski, 1988; Fountain et al., 1984; Jones and 

Nur, 1982; Kern and Wenk, 1990; Khazanehdari et al., 1998; Law and Snyder, 1997; Rey 

et al., 1994; Sellami et al., 1993; Siegesmund and Kern, 1990). The seismic reflection is 

explained by alignment of highly anisotropic minerals during deformation in most of these 

studies. Khazanehdari et al. (1998) showed that the angle of incidence of the P-wave with 

respect to the foliation plane of the thrust and the CPO orientation also affects seismic 

reflection. Other pertinent factors when considering seismic reflection are the thickness and 

strain gradient across the shear zone. Rey et al. (1994) demonstrated that seismic waves 

propagating though a shear zone with a gradational strain gradient do not necessarily have 

an expression on seismic images, because the reflectivity depends on the wavelength and 

the thickness of the transition from the protolith to the mylonite. They found that a seismic 

wave traveling with a velocity of 6.035 km/s and 210 m wavelength in the protolith, across 

a mylonite with a velocity of 5.350 km/s, could be visibly reflected in a synthetic 

seismogram when the ductile shear zone has a thickness of 20 – 400 m. In general, the 

shear zone needs to be thicker than one quarter of the seismic wavelength in order to be 

visible as a seismic reflector (Sheriff and Geldart, 1995). 

A simple scenario can be used to illustrate possible seismic reflection in an upper to 

mid-crustal mylonitic shear zone consisting of carbonate rocks. In this case the symmetry 

of the CPO is considered to be orthorhombic with respect to the shear plane and the 

thickness and strain gradient of shear zone is within the constraints of Rey et al. (1994). 

Strain and texture have been shown to vary along the shear zone, in addition to the local 
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lithological differences in second-phase content. Both predicted anisotropy (Ebert et al., 

2007; Chapter 5, Fig. 5.9) and AMS measurements (Chapter 5, Fig. 5.10a) illustrate 

changes in the degree of anisotropy along the shear zone. This implies the possibility that 

the seismic reflection coefficient becomes higher when approaching the high-strain part of 

the thrust. Moreover, Ebert et al. (2007) showed that the shear zone width increases 

towards the root zone of the Morcles nappe, which may further enhance seismic 

reflectivity. Based on the results presented in Chapter 5 a hypothetical large shear zone can 

be envisaged, which is situated in the upper crust and spanning 15 – 20 km in length. The 

shear zone has a shallow dip with a gradual increase in metamorphic conditions towards the 

deeper parts, similar to the Morcles thrust (Fig. C.1). In this scenario, the shear zone is 

bound by a carbonate protolith, which consists of calcite with a mean VP of 6.55 km/s that 

is isotropic. Note that the Morcles shear zone is bound by crystalline basement rocks and 

cover sediments, but the objective here is to investigate the reflection which can arise solely 

due to the shear zone. The predicted VP fast axis is parallel to the plane of the shear zone 

and ranges from 6.74 – 6.95 km/s, whereas the VP slow axis varies between 6.09 – 6.42 

km/s normal to the shear plane. The variation in velocity depends on the location along the 

thrust. Note that these predicted VP’s are due only to calcite; the degree of seismic 

anisotropy is reported in Figure C.1 for selected locations along the thrust. 

The reflection coefficient is defined as R = (I1 – I2) / (I1 + I2), where I is the product of 

the VP and the material density, and the subscripts refer to the mylonite (I1) and the 

protolith (I2). The density of the protolith and mylonite are 2.71 g/cm3. A wave travelling 

through the crust, with an angle of incidence normal to the plane of the shear zone will 

therefore experience a contrast in impedance due to the preferred orientation of calcite, and 

in this scenario the shear zone acts as a slow boundary for the propagating wave. The distal, 

least metamorphosed part of the shear zone has an impedance of 17.398, which changes 

gradually to an impedance of 16.504 in the most metamorphosed part of the thrust; the 

protolith has a seismic impedance of 17.751 (km g/ cm3 s). This leads to R = 0.014 in the 

upper part of the shear zone, where sub-greenschist facies conditions are prevalent, and R = 

0.036 in the shear zone, which has undergone greenschist facies metamorphism. 
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Figure C.1: A schematic illustration of the change in P-wave anisotropy and reflection 
coefficient along the shear zone. The anisotropy is calculated from the calcite CPO of 
Urgonian samples that were measured by Ebert (2007). Each equal area net shows the 
predicted velocities and anisotropy within the shear zone. In this scenario the thrust is bound 
by an isotropic protolith with similar mineral composition and density as the shear zone. The 
seismic reflection coefficient, R, has been calculated at different locations along the shear 
zone, assuming P-waves that propagate normal to the plane of the shear zone. In this case 
there is no strain gradient from protolith to mylonite. 

The reflection coefficient derived from the calcite texture is not large, but may be 

appear in seismograms. Fountain et al. (1984) illustrated seismic reflections for a mylonite 

with a reflection coefficient of 0.03. The presence of second phases would further 

influence the reflection coefficient (Jones and Nur, 1982; Law and Snyder, 1997). As seen 

from the seismic velocities in the lithologies found in the shear zone (chapter 5, Fig. 5.6), 

there is a large variation in the texture strength, partly as a result of the second-phase 

content. In addition, the amount of aligned second phases, in particular mica, would 

enhance the seismic anisotropy as shown by the predicted seismic properties of the Gray 

Urgonian in Figure 5.7 of Chapter 5. An addition of 10 vol% aligned muscovite, which is 
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commonly observed in the mylonites, would increase the seismic P-wave anisotropy by ~4 

%, resulting in a total anisotropy of 17-18 % in the most deformed part of the shear zone. 

This value is close to the measured seismic anisotropy of the Gray Urgonian, which was 

collected at the Upper Quarry in the shear zone. The reflection coefficient for a mylonite, 

which contains this amount of secondary phases, would increase to a value of 

approximately 0.05. A shear zone similar to that of the Morcles Nappe should be 

seismically invisible in the low-strain part, but become an apparent reflector towards the 

high-strain part of the thrust. 
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Appendix D: AMS data of Naxos dolomite 

Specimen bulk k (SI) k1 (SI) k2 (SI) k3 (SI) P' U Δk 
Ne11bA -1.55E-05 -1.53E-05 -1.55E-05 -1.56E-05 1.019 -0.539 2.78E-07 
Ne11bB -1.62E-05 -1.60E-05 -1.61E-05 -1.63E-05 1.016 0.185 2.54E-07 
Ne11bC -1.66E-05 -1.65E-05 -1.66E-05 -1.67E-05 1.011 -0.429 1.74E-07 
Ne11bD -1.62E-05 -1.61E-05 -1.62E-05 -1.63E-05 1.012 -0.192 1.99E-07 
Ns11aA -1.52E-05 -1.51E-05 -1.53E-05 -1.53E-05 1.01 -0.422 1.54E-07 
Ns11aB -1.54E-05 -1.53E-05 -1.54E-05 -1.54E-05 1.007 0.099 1.04E-07 
Nz2aA -1.54E-05 -1.52E-05 -1.54E-05 -1.57E-05 1.033 0.406 4.89E-07 
Nz2aB -1.50E-05 -1.47E-05 -1.49E-05 -1.52E-05 1.036 0.135 5.32E-07 
Nz2aC -1.52E-05 -1.49E-05 -1.51E-05 -1.55E-05 1.035 0.489 5.03E-07 
Nz2aD -1.53E-05 -1.50E-05 -1.53E-05 -1.56E-05 1.038 0.063 5.68E-07 
Nz2gA -1.54E-05 -1.52E-05 -1.53E-05 -1.55E-05 1.017 0.2 2.50E-07 
Nz2gB -1.51E-05 -1.51E-05 -1.51E-05 -1.52E-05 1.012 0.289 1.74E-07 
Nz5cA -1.56E-05 -1.55E-05 -1.56E-05 -1.57E-05 1.013 0.186 2.06E-07 
Nz5fA -1.65E-05 -1.63E-05 -1.65E-05 -1.66E-05 1.024 -0.476 3.76E-07 
Nz5fB -1.68E-05 -1.66E-05 -1.69E-05 -1.70E-05 1.022 -0.307 3.60E-07 
Nz5fC -1.59E-05 -1.57E-05 -1.60E-05 -1.61E-05 1.022 -0.335 3.41E-07 
average -1.57E-05 
stdev 5.79E-07 

Nk7aA 6.14E-05 6.91E-05 5.81E-05 5.70E-05 1.235 -0.824 1.21E-05 
Nk7aB 5.37E-05 6.12E-05 5.06E-05 4.94E-05 1.264 -0.801 1.18E-05 
Nk7aC 7.31E-05 8.21E-05 6.93E-05 6.79E-05 1.232 -0.801 1.42E-05 
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