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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. Fe?*, substituting for Ca** 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 Fe?*, 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



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 fir Spannungen in tektonischen Zonen, und bilden deshalb einen
entscheidenden Faktor bei der Krustendeformation. Deformationsprozesse der Kalzite
konnen  kristallographisch  bevorzugte Orientierungen  (crystallographic  preffered
orientation CPO) und Mikrostrukturen verursachen, die zu Anisotropien der physikalischen
Eigenschaften im Gesteins fuhren. Deshalb kann aufgrund physikalischer Anisotropien
Riickschlisse 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)
natiirlich 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 stidwestlichen Schweiz, welche die
Stellung einer basalen Struktur im Deckenstapel des Helvetikums einnimmt. Im Liegenden
der Decke d.h. im Uberkippten Faltenschenkel, wurden die Sedimentschichten gestreckt und
ausgedinnt, wobei sich eine grossflachige Scherzone ausbildete. Im Vergleich dazu sind
die normalen und dusseren Bereiche der Falte wesentlich weniger verformt wurden. Kalzit
bildet die Mineralmatrix der Deckensdimente und der Anteil weiterer Mineralphasen ist
stark abhéngig von der Lithologie und variiert von weniger als 1 vol% zu 40 vol%.

Die Anisotopie der magnetischen Suszeptibilitit (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 zusammenhangt. Die Separation ist generell
erfolgreich fiir Proben, die alle drei Texturkomponenten enthalten und hat sich auch
bewahrt fiir Proben mit nur para- und diamagnetische Texturen. Die Substitution von Ca®*
durch Fe?* in der Kristallgitterstruktur von Kalziten ist allgegenwartig in der Scherzone der

Morcle Decke und beeinflusst stark die Gesamtsuszeptibilitdit und die magnetische



Anisotropie. Aufgrund der experimentellen Ergebnisse wird eine allgemein gultige
quantitative Beziehung zwischen dem Fe®*-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 Koérner beeinflusst. Die Starke der CPO korrespondiert mit der
monoaxialen Auflast wahrend der Synthese. Die Ausbreitung seismischer Wellen ist
abhangig von 1) der modalen Verteilung von Kalzit und Muskovit und 2) der Porositat der
Probe nach der Synthese. Die seismische Anisotropie ist stark gepragt durch die
Konzentration und der CPO von Muskovit. Das Porenvolumen beeinflusst die Ausbreitung
und Anisotropie der Druckwelle stark, hat aber einen verhaltnismassig 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 abhangig von der modalen Mineralzusammensetzung, der CPO von Kalzit
und Muskovit, sowie dem Volumen und der Form der Poren.

Das Volumen, gemittelt Gber die geometrische Porenform, wurde durch Séttigung der
synthetischen Aggregate mit Ferrofluiden untersucht. Die magnetische Anisotropie der mit
Ferrofluiden geséttigten Proben veranschaulicht die magnetische Porenstruktur. Fir die
erfolgreiche Sattigung ist die Durchldssigkeit der kritische Faktor, welcher wvon
Porengrosse, Porenform, Mineralzusammensetzung und Benetzbarkeit der festen Phase des
Aggregates abhangt.

Magnetische und elastische Wellenanisotropien wurden gemessen und berechnet fir
Proben vom stark verformten, Uberkippten Bereiche der Morcle Decke. Dabei wurde die
Abhéngigkeit von 1) der sekunddren 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 Starke der Kalzit CPO. Zusétzlich ist die Gréssenordnung abhangig von
dem Verformungsgrad entlang der Scherzone.

Die Arbeit zeigt die Beziehung auf zwischen der physikalischen Anisotropie und

natiirlich und synthetisch verformten Karbonatgesteinen, im Bezug auf 1) CPO, 2)
ix



Mikrostrukturen, 3) chemischer Zusammensetzung und 4) Porennetzwerk. Die magnetische
und seismische Anisotropie, wie in synthetischen Aggregaten und natirlich verformten
Marmor beobachtet wurde, korrelieren stark miteinander. Eine eindeutige Separation der
unterschiedlichen magnetischen Texturkomponenten zeigt auf, dass die magnetische
Anisotropie ein sehr guter Indikator fur die CPO und somit fir die seismische Anisotropie
ist. Die Separation von verschiedenen Komponenten kann sowohl Aufschluss uber die
Mechanismen geben, die eine Anisotropie in Karbonaten hervorrufen, als auch zum

Verstehen tektonischer Prozesse beitragen.



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; Martin-Hernandez 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



1.1 Magnetic and elastic anisotropy in rocks and minerals 3

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 (Martin-Herndndez 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; Martin Hernadndez 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



4 INTRODUCTION

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) @s a function of the texture strength in samples of pure calcite (redrawn from
Schmidt, 2007).



1.2 Outline of the thesis 5

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 (Almqgvist 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 G* (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
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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.



CHAPTER 2

2 Background: Theory
and Methods
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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 Sl 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° 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., Fe*

and Mn?* commonly substitute for Ca** in carbonates.

M+
e
......... s H
W
g
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 Ozdemir, 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.
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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 a'
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 -551E-06 -6.48E-06  -6.84E-06 a'
Dolomite - Naxos, Greece -1.57E-05 -155E-05 -1.57E-05 -1.59E-05 °*
Graphite -3.12E-04 -1.40E-05 -6.10E-04 -6.10E-04 ¢
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 -153E-05 -158E-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 (Fogo) Burma 5.15E-04 5.44E-04° 5.18E-04° 4.84E-04° g
Olivine (Fog) - USA 5.69E-04 6.50E-04° 5.57E-04° 5.00E-04° g
Phlogopite 2.73E-04 - 1.18E-03 h
Rhodochrosite 4.83E-03 4.83E-03 4.83E-03 483E-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

2 Schmidt et al. (2007b); ® Schmidt et al. (2006); © Ganguli and Krishnan (1941); ¢ Finke (1910)
® Hrouda (1986); " Martin-Hernandez and Hirt (2003); ¢ Belley et al. (2009); " 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 (M,). 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 (Hc) is the reversed field necessary to remove M. In Figure 2.2, k; 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.
M My

(a) Mg (b)

&M

s

Hcr

Figure 2.2: (a) Magnetic hysteresis of a ferromagnetic substance in an applied magnetic field
(H), with the initial susceptibility (k;), saturation magnetization (M), saturation remanent
magnetization (M) coercive force (H.), and (b) the incremental demagnetization of the M;
the point where remanent magnetization (M,) 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 M 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.1.) 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.I.) 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 Mg, 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 (Hp), with opposite direction to the applied field. An
ellipsoidal grain will have a demagnetizing field, Hp = -NpM, where Np is the internal
demagnetizing factor of the grain. The demagnetizing field reduces the applied field, such
that Hett = H — Hp. 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 Hp. For our prolate ellipsoid

1 1 .
E ZMIN, =N, N, Mlsin’ 2.2).

ms

The anisotropy energy of the grain is
E.  Ksin? (2.2),

an

which has the same form as the second term so that the shape anisotropy constant, K, is
%(Ng N,)M? (2.3).
For the simple case of a spherical grain Np = 4 /3, with three the principal axes N; = N, =
N; = 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 (kg) and intrinsic
susceptibility (ki), which can be related as
k.

k ! 2.4).
© TNK (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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(b)
+ o+ g
H HT

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).

Easy axis of
magnetization

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; 8 is the angle between
easy axis of magnetization and @ 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.
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For most natural materials the vector of induced magnetization is not the same as the vector
of the applied magnetic field, and therefore M; = kjH;, where k;; is a symmetric second rank

tensor. In matrix form the tensor is written as

k11 klZ k13
kij klZ kzz kza (2.5).
k13 kzs k33

The anisotropy of magnetic susceptibility can be described geometrically by an ellipsoid
whose principal axes are the eigenvalues of the tensor ki1 < kz < kss. Because k;; = 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; Martin-Hernandez and Ferré, 2007; Martin-Hernandez 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 k; 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

dE
d

where E represents the energy of magnetization and 6 is the angle between the direction of

T (2.6),

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 X;, X, and Xs.
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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T, %VH 2 k,, kysin2 2k, cos2 (2.7),
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

1

T, V.MZ N, Ny, sin2  2N,cos2  (2.8).

0

In (2.8) Ve is the volume of saturated ferrimagnetic minerals, comprising the sample, Ms is
the saturation magnetization and N; is the demagnetizing factor. Martin-Hernandez 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,

t t

t (2.9).

total mgt mica
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 H? field dependence. Martin-Hernandez and Hirt (2004) used the difference
in field dependencies to separate magnetic subfabrics by fitting the torque curve to a second

order polynomial
titotal Atipara( H 2) Btihema( H ) Ctiferri (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; Lineberg 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
k — (2.112),

where C is a constant that is specific to the mineral, 0 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; Martin-Hernandez and Hirt,
2003; Luneberg 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
(o) describes the stress (o) experienced by a material, such that F/a = ¢. The strain of a
material (€) is the infinitesimally small change in lengths (Al/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:

D 2 (2.12),

and
ij E ij ij 213 ’

where gqq IS Volumetric strain, o4 is three times the mean stress, oj; and & are the tensors of
stress and strain, respectively. The other variables are Lame’s constant (), the shear
modulus (u), Young’s modulus (E) and Poisson’s ratio (v). The Kronecker delta, d;;= 0 for i

#j,and 1 fori=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 0 = c€ and € = so, where ¢ and s are the stiffness
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and compliance tensors, respectively; from this formulation ¢ = 1/s. Since stress and strain
are defined as second rank tensors, 0 = Ciju€u and € = S0k 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. Cij = Cjiki = Cijik = Cjiw). In Voigt index notation c;; = c;i 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):

Cllll C1122 Cll33 C1123 C1113 C1112 Cll C12 Cl3 C14 C15 ClG

C1122 C2222 C2233 C2223 C2213 C2212 C12 C22 C23 C24 C25 CZG

C1133 C2233 C3333 C3323 C3313 C3312 — Cl3 C23 C33 C34 C35 C36 (214)
C1123 C2223 C3323 C2323 C2313 C2312 C14 C24 C34 C44 C45 C46

C1113 C2213 C3313 C2313 C1313 C1313 C15 C25 C35 C45 C55 C56

Cc C C Cc Cc C C C c C C c

uz C2212 Cssz Cozrz Cisis Cooro 16 Cs Css Cus Csg Ces
Stress and strain tensors (o and ¢€) are written with a single suffix ranging from 1 to 6 in
matrix notation, such that cijq becomes cm, (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, sy, differs
from cmn due to the definition of strains in the Voigt short-hand notation. Thus Smn = NSiji
whereN=1formandn=1,2,3; N=2formorn=4,56;N=4formandn=4,5,6.

An isotropic elastic material can be expressed by
Cijia ij K ( ikl il jk ) (2-15)1
where the independent elastic constants, expressed in Voigt notation are
Ci1=Cp=C3=A+2y
C12=C3=C3=A
Cas4 = Cs5 = Cep = ¥2(C11 — C12) = H.
Many geological materials have transverse isotropic (TI) symmetry, with one unique

symmetry axis (e.g., X3) normal to an isotropic plane (containing axes Xj; and Xy; X; = X3).
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The independent elastic constants of a TI material are c11, C12, C13, C33, Ca4, and Cgs = ¥2(C11 —
c12). Chapter 4 discusses the elastic properties of synthetic rocks with Tl 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 (V)
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

(2.16),

V, \ﬁ (2.17),
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In (2.16) and (2.17) p is the density of the material, K is the bulk modulus, y is the shear
modulus. For an isotropic material Vp and Vs can be expressed using the Voigt matrix
notation with Vp = (C11/p)” and Vs = (Caa/p)™.

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 (Ve and Vs) in
a transverse isotropic material can be related to elastic constants of the Voigt short-hand
matrix such that

Ven = (C11/p)%2, Vv = (C33/p)¥2, Vsv = (Caalp)¥2, Vsh = (Ces/P)¥2,
where Vpy and Vpy refer to P-waves that propagate horizontally (in the plane of X; and Xy)
and vertically (along the axis of symmetry Xs), respectively. Similarly, Vsy and Vsy
represent the horizontal and vertical polarizations, respectively, for a shear-wave that
propagates in the isotropic plane (X; and X;). A shear wave that propagates along the
symmetry axis has Vs = Vsy, i.e., the shear wave does not exhibit splitting along this axis. In
order to determine ci3 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

n 2dsin (2.18),
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where n is an integer, A is the wavelength of the incident radiation, d is the atomic lattice
spacing, and 0 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.

Incoming ray Diffracted ray

-0—G—0

Figure 2.7: An illustration of the concept of Bragg’s law, showing the interaction of a wave
with wavelength A with crystalline matter. The angle of the diffracted ray (8) 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, A). 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 ym, 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, 26, 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

1dv(9)

ODF
)y g

f(9) (2.19),

where g refers to a direction in space defined by the Euler angles (@1, ®, @,), 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
3 f(g)°dg (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
M % \RT( ) RY( )\d (2.21).

where R’ represents a theoretical distribution of uncorrelated misorientation angles for a
random orientation of crystallographic axes and R® is the observed distribution of
misorientation angles. In practice, the angle 6 is divided into finite bins (i.e., 1°), and
observed misorientation angles are summed over 8 = 0 to Bmax, Where Bmax is defined by the
crystal symmetry. A strong texture is defined when the difference between R™ and R° 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 (My)

of a mixture is
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M, M, (2.22),

where N is the number of phases making up the medium, f; is the volume fraction for the
i’th component, and M; 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 (Mg) in an effective medium

Lot (2.23).

M; 1M,
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,
My M)

2

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

M ru (2.24),

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.



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.

32
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3.1 Magnetic Fabrics of the Morcles Nappe complex

Bjarne S. G. Almgqvist, 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 (ki) and minimum (kmin) axes near the cleavage plane. Conversely, the
diamagnetic kmin lies close to the pole to cleavage with kmax and Kin: 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 (Ak=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; Martin-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; Martin-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 Martin-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 PMO5 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 (So) 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 PMO03)
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
PMO01 Overturned limb Dogger Recrystallized calcite
PMO02 Overturned limb Gault Recrystallized calcite
PMO03 Overturned limb Valanginian Recrystallized calcite
PMO04 Root zone Valanginian Recrystallized calcite
PMO05 Root zone Valanginian Recrystallized calcite
PMO07 Normal limb Urgonian Biomicritic calcite
PMO08 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 PMO02, 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 (s;) is oriented horizontally. Specifically, in b) an obliquity
of the grain shape fabric (s;) is noted, with respect to the original cleavage (s;). In images f) —
h) the bedding (so) is oriented horizontally. For PMO08, 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), ¢) — 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 Fe®*-cations in the carbonate lattice (e.g., Rochette, 1988). Microprobe
analysis for sample locations in these areas (PM01, PM04 and PMO05) 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 Fe?" for Ca** 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 Zdrich, 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.



3.1.3 Methods 41

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
(Bergmiiller et al., 1994). The torque of standard paleomagnetic cores (~11.4 cm® 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 (Martin-
Hernandez 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 (I) such that k = KmeanE + | (Jelinek,
1985). The eigenvalues of the deviatoric tensor describe geometrically how much the
ellipsoid differs from a sphere; they fulfil the property, lmax + lint + Imin = 0. The degree of
deviation from a sphere is represented by the susceptibility difference, Ak = 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 Thmlé 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
PMO02 (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
(Tus) at 680°C demonstrates that the only ferromagnetic phase present at site PM02
is hematite.

2) The majority of sites (PM01, PM03 and PMO04) show a mixture of two magnetic
phases, as represented by specimen PMO0403A (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 Tyg: 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



3.1.4 Results 43

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 Tyg at
~680°C is indicative of hematite, whereas the lower coercivity, lower Tyg likely
reflects pyrrhotite and magnetite.

3) In the third case, which is observed in site PMO5, acquisition of IRM occurs in two
steps, without reaching a saturation plateau at 2.5T, as is illustrated by specimen
PMO0501 (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 Tyg at ~520-540°C, and is most likely due to magnetite. The
noticeable difference between case 2) and 3) is the lack of a Tyg at 320 C in the
latter.

4) This case illustrates the presence of more than two ferromagnetic phases, and occurs
for example in sites PM0O7 and PMO08 (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 (IRM,s7) 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 PMO07 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 PMO07 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 PMOQ5 have an inverted
relationship to the structural cleavage, with knmax directions oriented sub-parallel to the pole
to cleavage and directions of kmin and ki 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 PMO8 display a mixture of directions
for the LF-AMS, where kn.x 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 PMO04.

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) 1S rather uniform. The two sites that have normal fabrics (PM02 and PMOQ7)
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 (B?) 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/m®) to low temperature (~100 J/m®) suggests that paramagnetic

phases contribute strongly to the AMS (Fig. 3.7c, d).
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Figure 3.5: Low-field AMS displayed on lower hemisphere equal area stereonets for sites in
the Morcles Nappe, with directions of k. shown by square symbols, ki, by triangles and ku;n
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 Martin-Hernandez 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 (AKk) 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 PMO01 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
PMO1 96.8 0.4 3.2 0.4
PMO02 90.0 49 10.0 4.9
PMO03 89.8 3.7 10.2 3.7
PMO04 96.7 0.6 4.0 0.7
PMO05 87.3 4.8 12.7 4.8
PMO7 48.8 6.9 51.2 6.9
PMO08 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 PMO2 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 PMO7.

The paramagnetic sub-fabrics from the overturned limb and root zone, excluding site
PMO02, show a tight grouping of kmax axes close to the pole to the average macroscopic
cleavage (Fig. 3.8). The ki and kmin axes are grouped more loosely, close to the cleavage
plane. In the normal limb (sites PM07 and PMO08) 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 Kin: 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 kqin that coincide with the pole to
the average cleavage and directions of kmax and ki 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 (PMO08). 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 ki and kmin nearly parallel to this plane.

Diamagnetic shape ellipsoids for the normal limb and frontal fold sites are close to neutral,
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and Kk values are lower than those for the root zone and overturned limb (sites PMO1 —
PMO5).
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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 PMO01,
03, 04 and 05, directions of paramagnetic knax lie close to the pole to cleavage, whereas
directions of diamagnetic kmnax 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. 3.6¢). Only the paramagnetic shape ellipsoids are available
for PM02 and PMOQ7, 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 Ak, 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 PMO7 is dominated by paramagnetic
and ferromagnetic (sensu lato) phases respectively, so that it was not possible to isolate the
diamagnetic sub-fabric. For site PMO02, 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 PMO7 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 PMQ7

and PMO8 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 Fe** ions (<400 ppm) is diamagnetic (Schmidt et al. 2006). It should be
added that paramagnetic ferrous calcite, when Fe?* > 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 PMO01, 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 Fe* 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).

(@) Inverse limb (PMO01) (b) Root zone (PMO04)

Figure 3.9: Calcite a-axes pole figures, measured with XRD goniometry (redrawn from
Dietrich and Song, 1984: fig. 3 and IThmlé et al., 1989: fig 2), from a) the overturned limb (site
PMO01) 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.



3.1.5 Discussion 53

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 Kk, for results observed in the root zone and overturned limb (PM01, PMO3
— PMO05). With increasing Kk, 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, ¢)
therefore appear to reflect the intensity of deformation, with the most intensely deformed
specimens from site PMO1 (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 Fe?*. In a pure calcite crystal the
ellipsoid shape is rotational oblate (U = 1), and k = 1.10x10° 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 Kk, 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 Fe®* 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 Fe?* is incorporated in the crystal, and
the susceptibility difference transitions through zero. The susceptibility difference increases as
the more Fe?* 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 PMO1 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 —
PMO5 the shape-parameter is not as strongly oblate as for PMO01. This suggests that the

deformation in sites external from the root zone (i.e. PM03 — PMO05) is not as strong as for
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site. PMO1. 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 (y > 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 y > 17 (Durney, 1972) or y > 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 ki, 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 Martin-Hernandez and Hirt (2001) and Schmidt et al.
(20074, 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
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techniques attempt the separation of individual mineral contributions (c.f., Martin-
Herndndez 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 -12.82x10°® SI (-
4.73x10° m?/kg) parallel to its crystallographic c-axis and -11.71x10° SI (-4.32x107
m3/kg) in the plane of the crystal a-axes (Schmidt et al., 2006); the average bulk
susceptibility of calcite is -12.09x10°® SI (-4.46x10°° m*/kg). Hence, in an aggregate of pure
calcite crystals, the AMS corresponds to the strength of the CPO (e.g., Owens and Rultter,
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;
Follmi 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 (y) greater than 17 (Durney, 1972; Frey et al., 1980; Dietrich, 1989; Ebert
et al., 2007). Shear strain is defined as y = tan W, where W 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 (Bergmiller 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 k; > k, = ks. The parameter used to describe the degree

of anisotropy is given by Ak = kj—ks, where k; and ks 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 k; having the least negative value

(smallest absolute value) and ks 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.

Switzerland
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Cretaceous-
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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 Rhdne-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 Il electron backscatter diffraction (EBSD)
camera and the OIM data acquisition software (Ametek, TSL). Working conditions for the



62 MAGNETIC FABRICS OF DEFORMED CARBONATE ROCKS

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 pm step size over a 1600 1600 pym 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 ym, 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 -12.96x10°° to -0.76x10° SI. The values of
Ak vary from 0.41x107 to 8.03x10” Sl and the plot of Ak against bulk susceptibility is V-
shaped, with Ak having the lowest values for bulk susceptibilities between -6.78x107° and -
9.49x107° 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 Ak 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 -9.8x10°® SI, whereas a second minimum is displaced
slightly to the right, at -8.1x10° 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 k; is oriented normal
to the foliation and ks 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.

Ak (x10-7 SI)

8.0 -
7.04
6.0
5.01
4.0 1
3.01
2.01
1.0 1

0.0

a) Low-field AMS
oLQ

aUQ

AL C

-15.0 -10.0 5.0
Bulk k (x10-6 S1)

Ak (x10°7 SI)

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

-15.0 -10.0 -5.0

b) High-field AMS, RT
x Martigny
oLQ
oUQ
aAlLC
xDent

0.0

0.0

Bulk k (x10-6 SI)

Ak (x10-5 SI)

3.0

2.5

2.0

1.5

1.0

0.5

0.0

¢) High-field AMS, 77 K

x Martigny
oLQ
oUQ
aALC
xDent

Martigny

-15.0 -10.0 5.0
Bulk k (x10-6 SI)

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.
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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 UQO0801 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
UQO0801 (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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3.2.4 Results
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a) UQO101A b) UQOSO1A

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) UQO801A.

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 Fe** and
Mn®* on bulk susceptibility, which provides a connection between the chemical data and
the bulk susceptibility, (2) the influence of Fe?* 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 Ca** and Mg* (e.g.,
Goldsmith and Newton, 1969; Anovitz and Essene, 1987). The most important elements
with respect to the magnetic susceptibility, however, are Fe?* and Mn®*, whereas Mg?* has

only a very limited effect on the magnetic susceptibility. In contrast to Mn?*, 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 k; 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., 2007Db).

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 (k;) and minimum susceptibility (ks) axes (Ak = |ki—k3|),

based on the iron concentration in calcite single crystals, in which
AKyara = Fe-content (ppm) x (1£0.1) x 107 (m*/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 kj-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 Fe?*. 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 Fe?*. 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 k; axis oriented normal to the foliation, whereas samples with less than 400 ppm
Fe have the ks 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 k; 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 Kk 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
Bulk susceptibility (SI)
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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 Ak = 1.10x10°® SI (Schmidt et al., 2006), and add paramagnetic Fe*'-
cations according to the relationship described in equation [1], the mixture of paramagnetic
and diamagnetic Ak will display a V-shaped data set with varying amount of Fe®* (Fig.
3.17a), due to the opposition of their respective anisotropies. A calcite crystal with ~400
ppm Fe?" substitution is magnetically nearly isotropic, because DKpara and Akgia 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 Akpa. resulting in an
increase in Ak. 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 Kkpara) and resulting

k can be defined as

Ak = |Akpara = Akd|a| X M (3.2),

where AKpara IS described by equation (3.1), AKgia IS @ 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 Ak
varies according to the specified M and the amount of Fe** 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 Fe?* 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 Kk 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 Kk 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 Mn?*, 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 Fe*-
content; (b) susceptibility difference as a function of Fe?*-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° 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 Kk, 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% MgCOs) 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



78 MAGNETIC FABRICS OF DEFORMED CARBONATE ROCKS

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



3.2.6 Conclusions 79

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. Fe* in particular contributes to the paramagnetic anisotropy, and is
more anisotropic than other observed cations that substitute for Ca®* 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 Ak 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. Almqgvist, 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 (Martin-Hernandez 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
Almgvist 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; Trimpy, 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 (Se) 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 Rhéone-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 Rhéne-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 Rhone-
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.

Average
Strike/dip of
Location UTM 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
Urgonian, Malm, Hauterivian,
E575500 N113500 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 Fe®* substituting for Ca?*, 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 k; k, ks. The magnitude, or degree of anisotropy, is expressed
by Pj (Jelinek, 1981), or by the susceptibility difference k = k; — ks. 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 = [(2ky — k1 —k3) / (K1 — k3)], where 0 <U 1 is oblate
and 0 >U -1is 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 ki, k, and ks. 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 ky = ko =-1.17 10° and ks = -1.28 107 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-Zirich), 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 (Bergmiiller 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 (Martin-Herndndez 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
k, — 1),

where C is the Curie constant, 0 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 6 ~ 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 ( k") at 77 K to the kP 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 Géttingen, 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° A1 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 ks—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® SI, which is in the range where the paramagnetic and diamagnetic
anisotropies cancel one another (Almgvist et al., 2010a; Chapter 3.2).

An inverse magnetic fabric is found in specimens that have -10  10° <k <0 SI (i.e.,
ki 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 SI the
magnetic fabric is typically normal, with ks 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 ki- and ks-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 (ky); triangles show the intermediate
susceptibility axis (kz); circles show the minimum susceptibility axis (ks) 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

Al

Table 3.6: Significantly Anisotropic specimens in Low Field

Within 26° cone of

Within 26° cone of

% Anisotropic

Location n the 95 % CA the 95 % CA 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.

(a) UQ1001 - 293 K (b) MNS21A - 293 K
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Figure 3.21: The magnetic torque as a function of the square of the applied field (B?) 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 (AK).
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Upper Quarry Lower Quarry Martigny

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 1o 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



92 MAGNETIC FABRICS OF DEFORMED CARBONATE ROCKS

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 kj-axes,
whereas it is the ks-axes for the diamagnetic fabric. The only exception is at Lui
Chardonne, where k;-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 ~1.0 107 and ~9.0 10 SI, which
is well below the single crystal value for calcite (1.10 10° 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; Luneberg et al., 1999; Parés and
van der Pluijm, 2002; Martin-Hernandez et al., 2005; Debacker et al., 2009). Measurements
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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 Sl, 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 Fe?* in the calcite
structure (Rochette, 1988; IThmlé 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 1.0 107 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 ks will be sub-parallel
to the pole to the cleavage in the case of iron-poor calcite (normal magnetic fabric), or k; 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 k; and ks 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 Rhdne-
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 Rhone-Simplon line (Burkhard, 1988; Soom, 1990; Mancktelow, 1990;
1992; Steck and Hunziker, 1994; Seward and Mancktelow, 1994; Ebert et al., 2007).

Crenulation

cleavage(?) Diamag. sep. s1 Paramag. sep.

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: (@) U as a function of Kk 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 Rhéne 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.
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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 Martin-
Herndndez 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 LQO0302 closer to the predicted k. Alternatively the anomalous values could
arise from differences in volumes considered by texture techniques (small volume, 100
um) compared to the AMS (~11 cm?), 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 kj;—axis in the foliation plane,
whereas for iron-rich calcite k; 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° SI; Fig. 3.29a), consists of nearly pure
calcite with the presence of a small amount of Fe?*. 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 SI), is a white calcite mylonite
with a greenish tint, suggesting the presence of minor chlorite, in addition to Fe** (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 Fe®* 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 (k;) due to the Fe®*-cation is
along the crystallographic c-axis of the carbonate crystal lattice, and the susceptibility
ellipsoid has rotational prolate shape (Almqyvist 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.
Martin-Hernandez and Hirt (2003) presented an average k of 1.2 10 SI, measured in
high-field, whereas Schmidt et al. (2007a) gave a value for k of 1.08 10 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 Fe®*. 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 Fe?, (b) 400 ppm Fe®*, (c) 1000 ppm Fe®* and (d) 5000 ppm Fe?*.
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 Fe?, (b) 400 ppm Fe?, (c) 1000 ppm Fe?* and (d) 5000 ppm Fe?".

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 Fe?*-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 Fe?* to ~150 when the Fe?" 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., Almaqvist 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),
Martin-Hernandez et al. (2005) and Schmidt et al. (2009).
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Figure 3.32: Theratioof kat77 Kto kat 293 K for a mixed calcite crystal (90 vol%) and
muscovite (10 vol%o) crystal, whose crystal c-axes are coaxial. The ratio is shown as a function

of the Fe2+ concentration of the calcite crystal (in ppm).






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.