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Abstract

Rock fabrics deduced from either the anisotropy of magnetic susceptibility (AMS) or
of seismic anisotropy have been widely discussed. Ophiolite from the Pindos and Vouri-
nos Island in Greece is to be explored if there are some correlations between these char-
acteristics. Laboratory measurements include compressional and shear-wave velocities
at confining pressures to 300 MPa, density, velocity anisotropy, and shear-wave splitting,
which all generally decrease with increasing degree of serpentinization. In contrast, the
Vp/Vs ratio and the Poisson’s ratio are inversely correlated with an increasing degree of
serpentinization. Magnetic fabrics, sensitive indicators of low-intensity strain, were fur-
ther obtained from AMS measurements on the same samples. The directions of acoustic
and magnetic anisotropy compare favorably. These results motivate the development of
additional methods to use the magnetic fabric, as deduced from simple and fast AMS
measurements, as a proxy for finding the directions of elastic anisotropy in traditional

ultrasonic laboratory methods.
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Chapter 1

Introduction

The physical properties of earth materials generally depend on the direction from which
the measurements of the properties are made; materials with such characteristics are
said to be anisotropic. This anisotropy influences geophysical observations at all scales
but until recently it has mostly been ignored in their analysis. However, as our concepts
of earth structure and processes become more sophisticated it is important to account for
stich anisotropy. Two of the most important geophysical observations are of the Earth’s
magnetic and seismic wave fields. The magnetism and elasticity, respectively, directly in-
fluence these observations and both are anisotropic. The induced magnetic field strength
of a sample will depend on the orientation of the rock fabric or minerals with respect to
that of the induced magnetic field and is manifest by variations in the magnetic suscep-
tibility with direction. This behavior has long been called the ‘Anisotropy of Magnetic
Susceptibility’ (AMS); this characteristic of rocks is well known in rock magnetic fabric
measurements. Similarly, for various reasons rocks are generally elastically anisotropic
and this characteristic is manifest as variations in the speed of both P and S waves with
direction and complicated further by shear wave birefringence.

Both of these properties depend to some degree on the ‘texture’ or “fabric’ of the rock.
In the context of this thesis, we take these two terms to describe the crystallographic ori-
entation of the mineral components. Other names for this in the literature are ‘lattice
preferred orientation’ (LPO) or ‘crystal preferred orientation’ (CPO) but these essentially
mean the various crystallographic orientations of each of the minerals within a rock may
be described by a statistical distribution function (Cholach, 2005). Although there are a
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number of methods to obtain such information including microscopic thin section analy-
sis on universal stages (e.g. Christensen, 2004), X-ray or neutron goniometry (Covey-Crump
et al., 2003; Ullemeyer et al., 2000), or electron backscatter diffraction (e.g. Bascou et al.,
2001), these can remain time consuming to both collect and analyze. AMS cannot di-
rectly provide such detailed fabric information, but it does have the advantage that it
yields some information on the principal directions of the sample’s symmetry; and this
latter information is crucial in making elastic property measurements. While it has long
been known that both measurements rely on the material’s fabric, there have not to our
knowledge been any studies that have explored the correlation between them; this thesis
presents some initial results on the comparison of the anisotropy between elastic wave
velocities and magnetic susceptibility in a suite of olivine-rich serpentinized peridotites
from the Hellenic ophiolites of Greece.

This chapter provides some of the basic background information on the importance
and causes of anisotropy of the elastic and magnetic properties in brief, particularly in
the context of the oceanic crust. Some of the more general observations related to mafic
and ultramafic rocks and their anisotropy will also be reviewed. As part of this it in-
cludes some discussion of ophiolite complexes in general and how they relate both geo-
logically and geophysically to our understanding of the uppermost parts of the oceanic
lithosphere. The role of serpentine minerals is also discussed.

Chapter 2 contains background information more specific to this study. This includes
an overview of the Tethyan Hellenic ophiolites from which the serpeninite samples were
taken. However, it must be kept in mind that this is a preliminary study which focuses
on the measurement and comparisoh of two different physical properties, this study was
not designed to solve some of the questions that arise in the first chapter but only to set
the stage for future work. In this line, a number of the physical characteristics of the
samples chosen are given.

The theory relating elastic wave anisotropy to the material elasticity is reviewed first
in Chapter 3. This then leads to a description and the results of the laboratory mea-
surements of both compressional and shear waves and their anisotropy under pressure.
Chapter 4 follows a similar pattern but for the magnetic AMS measurements. This differ-

ing information is compared and a synopsis of the results provided in Chapter 5. As well,
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1.1. BACKGROUND

although this work is principally motivated as a technical study comparing two physical
property measurements, the results may have broader implications that are useful in our
understanding of the structure of the oceanic crust. Consequently, Chapter 6 concludes

with plans for future work.

1.1 Background

To describe the magnetism of the Earth and the magnetic fabric of rocks, knowledge of
the magnetic behavior of rocks and their constituent minerals is necessary. AMS is a
relatively simple measurement that provides insight of the microstructure of materials
to be gained on the basis of their magnetic fabric. Consequently, the anisotropy of low
field magnetic susceptibility has also being a useful tool that has been successfully used
in rock fabric studies. Similarly, the seismic anisotropy of rocks depends in part on the
preferential alignment of its constituent minerals. One might reasonably expect both
properties to have been influenced by the rock’s history, and hence, there to be some
degree of correlation between the two. Consequently it may be possible to use AMS
measurements as proxies for elastic wave anisotropy.

Much of our present knowledge on the deep continental crust and the upper man-
tle was obtained by seismic methods. In the past [see the compilation by Holbrook et al.
(1992)], most studies of deep crustal composition have assumed the deeper crust to be
elastically isotropic. The assumption of isotropy is scale sensitive and valid only in the
materials with uniformly and randomly oriented minerals, microcracks, and pores. For
example, even a suite of isotropic layers will overall display seismic anisotropy at long
wave lengths. Use of the isotropic assumption, simplifies the construction of the Earth
models based on seismic observation. However, in reality most rocks are elastically
anisotropic, this anisotropy is caused by a number of different factors. Generally, seis-
mic anisotropy is due to an ordered arrangement of elements of the rock that are small
compared to the wavelengths employed. Conversely, a randomly oriented assembly of
crystals is equivalent to an isotropic medium(Helbig, 1994). He listed a few causes for

ordering of other elements:

o Preferential orientation of elongated mineral grains by the flow of melt in igneous
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1.1. BACKGROUND

or of water in sedimentary rocks;
o Preferential settling of ‘flat’ phyllosilicates in still water;

o Re-orientation of mineral grain axes during compaction or phase transformation

(e.g. transition of clays to illite);
e Oriented fracturing and joint production arising from anisotropic tectonic stresses;

¢ Ductile strain resulting from defect motion in an anisotropic stress field producing

metamorphic lineation and foliation field elements;

¢ Preferential opening or closing of compliant cracks and pores by a non-hydrostatic

stress state.

o Fine layering at a dimensional scale smaller than the seismic wavelengths that pass

through the material;

As this list suggests, seismic anisotropy can result singularly or in combination from
the preferential orientation of mineral grains, the presence of orientated cracks of various
sizes, or the occurrence of layering that is ‘thin’ relative to the seismic wavelengths. These
characteristics are of great interest by themselves as they reveal additional information
on the Earth’s structure. As our observational capabilities improve, seismic anisotropy
cannot be neglected in seismic studies of the Earth's crust.

Consequently, the questions that naturally arise are related to how to evaluate the
potential contribution of anisotropy in these rocks to variations in seismic velocity, what
is the cause of the anisotropy, and how this anisotropy is related to the rock fabric and
the mineral orientation distributions. The seismic anisotropy of metamorphic rocks de-
pended on a variety of factors that includes mineralogical composition, metamorphic
grade, the degree of texture development, and the extent of brittle deformation. Much
laboratory and theoretical work has already been carried out in recent years towards a
better understanding of these problems. Laboratory studies of mantle rock anisotropy
have focused on (1) the magnitude and symmetry of velocity anisotropy, (2) the relative

orientation between seismic properties and the structural framework, and (3) the in situ
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1.2. SEISMIC WAVE ANISOTROPY

structural orientation with constraints from experimental petrology and seismic observa-
tions (Long and Christensen, 2000).

In the present study, emphasis is placed on the intrinsic!seismic anisotropy caused
by a pronounced fabric of highly anisotropic minerals. Research trends show that both
seismic anisotropy and the causative intrinsic petrofabrics are worth trying to quantify
in both the laboratory and by numerical methods. Alternatively, the development of
magnetic anisotropy is characterized by its various applications. In this thesis, the P- and
S-wave anisotropy of a suite of typical ophiolite samples of the same origin and extending

over a wide range of degree of serpentinization have been measured in laboratory.

1.2 Seismic wave anisotropy
1.2.1 Implications of Seismic Anisotropy

The physical properties of rocks are to some extent anisotropic as demonstrated by many
seismic studies, borehole logs, and laboratory measurements. In fact, anisotropy is likely
a fundamental characteristic of rocks. Despite the recognition of this fact and its im-
plications for the interpretation of geophysical observations, our understanding of the
anisotropic properties of many rocks is still limited. It is important to understand the
intrinsic properties of the rocks through which the seismic waves pass, because consid-
eration of anisotropy in seismic analysis and processing will improve the interpretative
power of such studies. The rocks studied here are serpentinized dunites sampled from
an ophiolite, consequently in this section seismic anisotropy in the context of the oceanic
crust and mantle is overviewed, the classic model of ophiolites is presented, and the role
of serpentine is introduced in a general way.

It is worthwhile to briefly first mention what is meant by seismic anisotropy as it is
physical phenomena that is rich with complexity. First, as already noted the velocities at
which both shear and compressional waves propagate through an anisotropic material

varies with direction. For example, in most rocks the compressional wave velocity will be

The anisotropy caused by the structure of the medium (Helbig, 1994). That is, the anisotropy of the
nonporous mineral aggregate in which the anisotropy is due primarily to the elastic properties, cement, and
degree of preferential orientation of the constituent minerial grain. This is also often referred to as “ lattice
preferred orientation” or LPO.
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larger in the plane of foliation than normal to it with the velocity changing in a continu-
ous fashion between these principal fabric directions. Second, one further complication is
that in any given direction there will be two different shear waves with differing polariza-
tions and velocities. These differing velocities of the two shear waves is highly analogous
to the birefringent effects employed in optical mineralogy. This phenomena is commonly
referred to in the seismology literature as shear wave splitting (SWS) because these two
waves will arrive at slightly different times. Shear wave splitting observations have been
used by many workers over the last 15 years to infer the existence of anisotropy, and
hence rock texture, within the earth’s upper mantle (Silver, 1996; Savage, 1999).

The rocks studied in this thesis are taken from the Hellenic ophiolites and as such are
interpreted as being representative of some of the rock types in the uppermost oceanic
mantle. While this preliminary physical property study was not intended to focus on
these rocks in this context, it is still important to note that the magnetic and elastic char-
acteristics of such rocks are of great interest in the development of seismological models

of the oceanic crust and uppermost mantle.

1.2.2 Some basic characteristics of seismic anisotropy

Those trained in optical mineralogy will be familiar with some of the terms of elastic
anisotropy but while there are many similarities between optical and elastic anisotropy,
there are also many differences. For example, cubic minerals are optically isotropic, but
all minerals are elastically anisotropic. Halite (NaCl) show no optical birefringence al-
though in most directions away from the principal crystallographic axes it will have elas-
tic shear wave splitting and the P and S wave velocities will vary with direction too. This
is because the transmission of light through the material depends primarily on the polar-
izability of the electron cloud surrounding the atoms while the elastic wave propagation
requires physical motion of the atoms. For those who approach such problems from the
mathematical perspective, optical properties may be described by a 3™ rank tensor with
up to 6 independent constants, the more complex elastic properties require a 4** rank
tensor with as many 21 independent constants.

In the context of low or vanishing porosity, an assemblage of these minerals will also

be anisotropic to a degree that depends on the relative alignment, or LPO, of all its com-
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posite crystals. For such crystallites, the maximum anisotropy that can be obtained is that
of the single crystal itself while the lower isotropic bound would be found in a crystallite
with a completely uniform orientation of all the crystallographic axes. However, a key
motivation of seismic observations is to obtain knowledge of the in situ seismic velocity.
The seismic P and S wave velocities and their anisotropy are related to a variety of factors
including tectonic stress, pore fluid pressure, modal composition, porosity and its mor-
phology, temperature, and crystallographic orientation statistics. Hence, knowledge of
in situ velocities can help constrain geological structures and processes. Consequently,
it is important to further understand the relationship between the rock texture and the
velocity anisotropy as one factor that influences observations.

There are a large number of modeling and laboratory studies that focus on the links
between elastic wave anisotropy and rock fabric but only a few key papers are mentioned
here. Birch (1960, 1961) made a large series of measurements of compressional velocities
to 1 GPa (10 kbars) demonstrating that the non-linear increase in velocity at low confining
pressure could be attributed to the closure of pores, cracks and micro-fractures (Gangi
and Carlson, 1996). Accurate interpretation of seismic velocity images of the lithosphere
requires a thorough knowledge of the seismic properties of different rock types. Much
laboratory[Birch (1960, 1961), Nur and Simmons (1969), Jones and Nur (1982, 1984), Barruol
and Kern (1996), Horen et al. (1996), Kern (1993); Kern et al. (1997)] and theoretical work
[Baker and Carter (1972), Siegesmud et al. (1989), Mainprice and Silver (1993), Ji and Salisbury
(1993a); Ji et al. (1993b, 1994)] has been devoted to the nature of P- and S-wave anisotropy
in a variety lithologies in both the crust and the upper mantle.

One of Birch’s observations that is pertinent to this study is that of the anisotropy
of compressional waves in the rocks, and in one of his dunites he made a connection
between a strong orientation of the ‘a’ axis of olivine with the fast direction in the rock.
These were followed by a series of more detailed follow-up studies by Christensen (1965,
1966a,b) that extended the measurements to shear waves and reinforce the observations
that this anisotropy was related to the mineralogical fabric. Later, Christensen and Ra-
manana (1971) carried out more complete measurements of shear wave velocities and
demonstrated the birefringent effects of the split shear waves in a given direction. Pesel-

nick et al. (1974) conducted experiments on one lherzolite from the Ivrea Zone, Italy and
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found good correlation between the observed velocities and the principal anisotropy axes
calculated from orientation distributions of olivine. They also noted that olivine was the
predominant source of anisotropy in these rocks; but the olivine ‘a’ axis differed by 15
to 10 degrees from the field lineation and foliation elements suggesting that that fastest
velocities are not perfectly aligned with the field elements in these rocks. Kern (1993)
studied the anisotropy of an Ivrea peridotite and serpentine (antigorite) bearing rock,
these samples indicated that the peridotite olivine texture controlled its anisotropy. Most
recently, Pros et al. (2003) carried out detailed compressional wave measurements of Ivrea
dunites, pyroxenites, and lherzolites to 400 MPa of confinining pressure using a unique
technique that relies on a spherical sample, at high pressures they found these samples
to mostly retain an orthorhombic anisotropy (i.e. one with three distinct axes of symme-
try). Wendt et al. (2003) have recently attempted to model the instrinsic properties of a
harzburgite taken from the Oman ophibolite on the basis of velocity measurements made
at room pressure. These are then corrected for the effects of microcrack distributions and
olivine orientations but it is debatable whether or not the microcrack statistics can be
ascertained with sufficient accuracy to make this approach worthwhile.

The interpretation that the intrinsic anisotropy is due to the LPO is supported by mod-
eling that accounts for the rock’s statistical mineralogic orientation distributions (Nicholas
and Christensen, 1987; Christensen and Crosson, 1968; Crosson and Lin, 1971; Wendt et al.,
2003; Mainprice and Humbert, 1994; Tommuasi et al., 1999; Kern, 2003); Ben-Ismail and Main-
price (1998) and Wenk and Van Houtte (2004) have developed a database of olivine fab-
rics in rocks from a variety of locations and on this basis calculate the expected seismic
anisotropy. Wernk (2002) has recently provided an extensive overview of this topic. Leiss
et al. (2000) have given an overview of much of work currently underway in the field of
texture.

For purposes of illustration of the role of crystallographic texture it is useful to com-
pare the bounding cases of a single crystal (i.e. perfectly aligried) to a randomly oriented
aggregate of the same mineral. A single olivine crystal has compressional wave veloc-
ities of 9.89 km/s, 7.73 km/s, and 8.43 km/s in the directions of the a, b, and ¢ axes,
respectively giving an upper bounding case of Vp anisotropy of 21.9 % (Weiss et al., 1999;

Abramson et al., 1997). For purposes of comparison, the Hill average velocity for ran-
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domly oriented aggregate of this same olivine crystal will be 8.53 km/s (Cholach, 2005)
and recent measurements on pure fosterite of 8.534 km/s on carefully prepared pure
polycrystalline fosterite samples by (Ji and Wang, 1999).

The effects of cracks are not crucial to this study. Nevertheless, it is important to note
that the seismic anisotropy rises or decreases with confining pressure at the low-pressure
range (less than 300 MPa). This is important for both the understanding of seismic ob-
servations as deviatoric stresses can induce anisotropy (Nur and Simmons, 1969) and be-
cause these small cracks can strongly influence the observed velocities. The closure of
microcracks can either reinforce or attenuate the anisotropy due to lattice-preferred ori-
entation of rock forming minerals (Ji and Salisbury, 1993a; Ji et al., 1993b). If the cracks
are also preferentially aligned, some forms of anisotropy symmetry are produced. Ori-
ented cracks are also important in crustal seismic studies, and it has been suggested these
are an indicator of the prevailing stress orientations in the shallow crust. The cracks are
aligned in a vertical plane striking parallel to the maximum horizontal stress orientation
(Crampin, 1978). Crampin (1978) showed that if the seismic wavelength is large relative
to the typical crack spacing, the cracked medium is transversely isotropic with a hor-
izontal axis of symmetry perpendicular to the plane of the cracks. As a result, it has
been suggested that variability of the stress field near active faults can be monitored by
changes in anisotropy. One other point with regards cracks is that their existence will bias
measurements of compressional and shear wave velocities. Those workers attempting to
determine the intrinsic, pore-free, properties of the rock apply high pressure to close the
crack porosity as much as possible. This is the reason that high pressures are applied to

the samples in the experiments to be described in Chapter 3.

1.2.3 Structure of the oceanic lithosphere, anisotropy, and the ophiolite model

Seismic anisotropy is observed in two different ways in the oceanic lithosphere, and this
anisotropy appears to support standard models of ocean lithosphere formation. First, the
upper most oceanic crust is anisotropic with a slow and fast compressional waves more
or less perpendicular and parallel to the ridges, respectively. Second, the uppermost
mantle also displays anisotropy but with the major difference that the fast direction for

P-waves is perpendicular to the spreading ridge axes. This latter anisotropy is most im-
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portant to the current study. In this section, the differing characteristics are presented, the
ophiolite model of the oceanic crust is described both from the perspective of geological
and seismological observations, and the current interpretations are provided.

The ridge-parallel jointing and fracturing of the uppermost sections of the oceanic
crust is likely the source of anisotropy in those regions (e.g. Dunn and Toomey, 2001). Re-
cent seismic measurements in the vicinity of the spreading centre of the East Pacific Rise
(Tong et al., 2004) show highly anisotropic behavior in the uppermost extrusive portion
of the oceanic crust that becomes more muted with depth, possibly as a result of hy-
drothermal annealing of cracks. These crustal studies, in contrast to those that attempt
to examine the uppermost mantle below, typically display the highest velocities parallel
to the oceanic ridge axis consistent with the expectation of ridge-parallel fracturing and
jointing.

With regards to the uppermost mantle, even the earliest refraction studies of the seis-
mic structure of the oceans, discussed by Hess (1964), displayed high upper mantle ve-
locities in directions parallel to the fractures zones (i.e. perpendicular to the ridge in
contrast with the shallower crustal layers). Early seismic observations in the oceans pro-
duced refraction profiles that were suggestive of a simple ‘pseudo-stratigraphic’ layered
structure, and given the sophistication of the tools available in the 1950’s and 1960’s were
interpreted as such with major layers 1 through 4 determined on the basis of the ob-
served seismic traveltimes. Anisotropy has since been confirmed by many authors. Ga-
herty et al. (2004) detected an a compressional wave anisotropy of only 3.4 &= 0.3 % near
the slow-spreading Mid-Atlantic Ridge which is less than the 5.5 % observed by Shearer
and Orcutt (1986) in more rapidly created Pacific lithosphere and earlier but less certain
measurements of anisotropy ranging as high as 8 % in older Pacific uppermost mantle.
These results suggest there is some correlation between plate spreading rate and seismic
anisotropy.

On the basis of some of dunite laboratory measurements (Birch, 1960, 1961), Hess
(1964) suggested that the observed anisotropy was due to preferential alignment of olivine
in sub-Moho rocks. As scientific drilling had not, and has still not, penetrated the oceanic
crust to depths sufficient to actually sample the oceanic upper mantle, workers focused

material property studies on samples taken from ophiolites. Ophiolites are thought to
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be remnants of oceanic lithosphere obducted onto continental material. Ophiolites pro-
vide what is believed to be the best ‘exposure’ of oceanic lithosphere available to us and
their study has been used to develop structural models and as further evidence of plate
tectonics.

It is worth briefly reviewing some of the essentials of the ophiolite models recogniz-
ing that many features of these are somewhat simplified and that since the development
of these models the detailed literature on ophiolites has expanded dramatically. Essen-
tially, the classic oceanic crustal model was developed from the ‘1972 Penrose’ ophiolite
(Dilek, 2003) which consists of a layered structure beginning at the top and continuing
downward with (see overview in monograph by Coleman (1977) and the review paper by
Christensen and Salisbury (1975)).

1. a veneer of weakly consolidated marine sediments. This sedimentary or seismic
Layer 1 has a low seismic Vp varying from 1.5 km/s to 3.4 km/s and is on average
0.3 km thick although this can vary widely depending on a variety of factors the

most important of which is the age of the seafloor.

2. an igneous extrusive sequence characterized by the existence of basaltic submarine
pillow lavas and sheet flows. The magnetic remnance of this layer produces the
age dependent magnetic striping of the sea floor. This extrusive is often associated
with seismic Layer 2 with an average velocity of 5.04 + 0.69 km/s and thickness of
1.39 + 0.5 km. It is worth noting that some workers (see Christensen and Salisbury
(1975) will further delineate this into Layers 2A and 2B. The velocity of layer 2A
generally increases with age to about 10 Ma and this increase is likely evidence for
hydrothermal alteration (Carlson, 1998; Grevemeyer and Weigel, 1997). An alternative
view is that Layer 2 is instead characterized by a high gradient in the velocity as
observed in ODP Hole 504B which has drilled more than 2.1 km beneath the sea
floor (e.g. Detrick et al., 1994) which is likely due to progressively increasing degrees
of hydrothermal alteration with depth (Salisbury et al., 1996).

3. a series of mafic intrusives often linked to seismic Layer 3. This layer is distin-
guished by a much more gradual increase of velocity with depth and by remark-

ably uniform velocities in all the observations with a range of 6.73 £ 0.19 km/s
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and 3.75 + 0.03 km/s for the compressional and shear wave refraction velocities,
respectively. The average thickness of this layer is 4.97 + 1.25 km. Classic interpre-
tations correlate the top of this intrusive with diabase sheeted-dyke sequence and
the bottom with massive gabbro presumed to have formed from a upper parts of
a cooling magma chamber at the mid-ocean ridge. Christensen and Salisbury (1975)
point out the transition from the sheeted dikes to the massive gabbro is not sharp
as this oversimplified layered model might suggest. A layered sequence of ultra-
mafic cumulates possibly indicative of settling of the heavy minerals from a cooling
magma chamber occurs at the bottom of this sequence. Velocities in the cumulate
layer of 7.0 - 7.2 km/s have been observed in the horizontal direction and as high

as 7.4 km/s vertically in the laboratory.

4. the upper and seismologically anisotropic mantle consisting chiefly of ultramafic
dunites, harzburgites, and lherzolites. These peridotitic rocks overlie metamor-
phosed country rocks across a fault contact. In an ophiolite, the mean seismic ve-
locity in Layer 4 increases rapidly from Layer 3 to 8.13 & 0.24 km/s. Shear wave
velocity measurements are more difficult to obtain but Shearer and Orcutt (1986)
obtained values of 4.65 + 0.1 km/s in both directions suggestive of a low S-wave
anisotropy; Au and Clowes (1982) found similarly low S-wave anisotropy. It is from
this section of the ophiolite that the rocks studied here were sampled. Rocks from
this zone provide some of the most important observations that link texture to up-
permost mantle seismic anisotropy, discussion of these earlier studies is delayed to

the next section.

This model is not perfect or complete and there are a variety of structural styles seen
that do not fit. For example, one large discrepancy is the observation that the geochemical
signatures of many ophiolites differ from modern mid-ocean ridge basalts; this informa-
tion has even been used by Moores et al. (2000) as partial evidence for age dependent
variations in the regions of the mantle serving as the source of material for the mid-ocean
ridges.

Further, there are certainly problems with trying to too strictly tie seismic refraction

observations suggestive of a layered structure to structural and petrological changes. In-
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deed, it is important to point out that the Layer 2/3 boundary may not be simply as-
sociated with the transition between the extrusives and intrusives but could instead be
related to differences in porosity with depth as suggested by Detrick et al. (1994) on the ba-
sis of observations in the deepest oceanic scientific wellbore or variations in metamorphic
grade as suggested by Christensen and Smewing (1981). Further, in this classic ophiolite
model the seismological Moho would more likely coincide with the top of the ultramafic
cumulate layers that are composed of fast materials while the petrological Moho would
more properly be placed at the base of this cumulate layer produced in a magma chamber
in contrast to the underlying mantle peridotites.

There have been a number of detailed laboratory studies of velocities from ophiolites
because despite the fact they have experienced substantial deformation during obduction
onto the continental material they are still the only candidate rocks that can be placed in
the pseudo-stratigraphy of a classic ocean lithosphere concept.

The Bay of Islands, Newfoundland, opiolite complex was studied in two comple-
mentary papers. Salisbury and Christensen (1978) measured P and S wave velocities on
an extensive series of rock samples as a function of the original estimated depth through
the crustal section. Due to the serpentinization of the ultramafic samples and under the
assumption that this alteration occurred during obduction of the ophiolite, to obtain val-
ues for ‘fresh’ unaltered material they would expect on the basis of the ultramafic min-
eral modes instead calculated the velocities. The calculations were carried out under the
assumption of isotropy and no information on anisotropy was obtained. This was reme-
died in Christensen and Salisbury (1979) where they noted from petrographic analysis with
that the olivine a axis in the ultramafics was preferentially aligned roughly normal to the
sheeted dikes with the b and c axes in the plane of the dikes. Olivine composed more
than 85 % of these rocks and on this basis they assumed the anisotropy was predomi-
nantly controlled by this alignment yielding anisotropies of 5-6 % for the P-waves. Many
of these observations were confirmed in a similar study of the Oman ophiolite by Chris-
tensen and Smewing (1981). Again, the pervasive serpentinization of the ultramafic rocks
necessitated that the velocities be calculated from observed petrographic orientation of

the unaltered ultramafic minerals; it is important to look at this in more detail.
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1.2.4 Serpentinization and seismic velocity

First, however, it is important to introduce the process of serpentinization as its pres-
ence, or lack of presence depending on the model assumed, will substantially influence
the interpretation of seismic data. Serpentinization refers to the hydrothermal alteration
of the olivine and pyroxene in peridotite to brucite, talc, magnetite, tremolite, and the

serpentine minerals (lizardite, clinochrysotile). Some of the basic reactions are (Allen and

Seyfried, 2003):
2M g28i04 + 3H,0 = M g3Si305(0OH )y + Mg(OH), (1.1)
Forsterite = serpentine + brucite
3Fe38i04 + 2H,0 = 2Fe304 + 38i02{aq) + 2Hs(aq) (1.2)
Fayalite = Magnetite
6MgSi03 + 3H20 = 1\/Ig3Si205(OH)4 + MggSi401o(OH)2 (1.3)
Enstatite = serpentine + Tale

2CaMg8ia0g + 6MgSiOs + 3HaO = CaMgsSigOan(OH)s + MgsSiaOs(OH)s  (1.4)

Diopside + Enstatite = Tremolite + serpentine
3FeSiO3 + H20 = Fe304 + Ha(aq) + 35i02(aq) (1.5)
Ferrosilite = Magnetite
14
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Table 1.1: Density, symmetry, and chemical formula of minerals present in the samples

Density
Mineral Symmetry Formula (Mg/m3)
Olivine Forsterite Ortho. MgaSiOy 3.221
Olivine Fayalite Ortho. Mg25i04 4.38
Pyroxene Enstatite Ortho. (Mg, Fe)SiO3 3.198
Pyroxene Ferrosilite Ortho. FesiOs 4.002
Pyroxene Augite Mono. (Ca, Mg, Fe)a(Si, Al)20¢ 3.32
Pyroxene Diopside Mono. CaMgSi206 331
Amphibole Hornblende Mono. Caa(Mg, Fe, Al)5(Si, Al)gO22(OH)2 312
Amphibole Tremolite Mono. Nao.sCazMgsSisO22(0OH)2 3.01
Hydroxides Brucite Rhombo. Mg(OH)2 2.38
Chlorite Clinochlore Tri. (Mg, Al)(Si, Al)1010(OH)s 27
Talc and Pyrophylite Talc Tri. Mg38i1010(OH)2 2.776
Serpentine Lizardite Hexa. Mg3Si205(0OH)4 25
Serpentine Clinochrysotile Mono. Mg3Si205(OH)a 2.55
Spinel Oxides Magnetite Cubic FeaO4 5.206

Note that these are end-member formulas and in reality the olivine and pyroxenes
will contain about 90 % Mg and 10 % Fe. Recognizing that the serpentine reactions are
complex, authors prefer to just simply state that olivine + water = serpentine + brucite &
magnetite to give the general sense of what is produced.These reactions typically occur
over the temperature range of 100°C to 500°C. Further details of the serpentinization
process may be found in O’Hanley (1996), but it is worth pointing out that this remains
a very active area of research in many areas of the earth sciences because the serpen-
tine minerals are one way to introduce water into the earth’s crust at subduction zones
and because the release of H, has important biological implications. The ‘Lost City” hy-
drothermal vents that were accidently discovered are one place where biological activity
may depend on the hydrogen released during serpentinization.

Some of the characteristics of these various minerals are given in Table 1.1 (Bass,
1995; Nickel and Nichols, 1991). The chemistry of the various serpentine minerals is the
same but there are substantial differences in the morphology of the ‘crystals’ from the
slab-like lizardite to the complex and possibly technologically useful tube structures of
clinochrysotile (e.g. Dodony and Buseck, 2004; Falini et al., 2004). The crystal shape and
symmetry of major minerals in serpentinized peridotite are shown in Figure 1.1

It is important to note that in addition to converting the ultramafic materials to the

lower density and more compressible serpentine minerals (lizardite, antigorite, chrysotile),
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Figure 1.1: Crystal shape and symmetry of representative minerals modified from Deer
(1992); velocity data from Weiss et al. (1999).

these alteration reactions also result in the production of magnetite, the mineral that is
most responsible for the magnetic properties of the rock samples as will be shown in
Chapter 2.

The issue of serpentine is important because while it is pervasive in the ophiolite
samples studied, there remains some discussion as to what overall degree it is present
in the oceanic crust itself. This bears on the validity of the simple ophiolite model de-
scribed above. Opinions range from the early ideas of Hess of complete serpentiniza-
tion soon after formation at mid-ocean ridges to smaller amounts due to difficulties of
delivering sea-water to the depths of the peridotites (Christensen, 2004). Here the distinc-
tion is made between those processes in the vicinity of subducting slabs where differing
processes may be at play that can result in the production of denser and faster antigorite
(e.g. Bostock et al., 2002; Ranero and Sallares, 2004; O'Reilly et al., 1996) and the lower tem-
perature hydrothermal activities that result in lizardite and clinochrysotile (e.g. Evans,
2004). Dredging of the seafloor along transform faults and drilling in the midocean ridge
valleys yields pervasively serpentinized periodotite (e.g. Juteau et al., 1990). A further
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complication is that the seismic velocities of peridotites containing from about 10 % to
40 % serpentine fall within the same range of seismic velocities from 6.1 to 7.5 km/s as
expected for gabbroic and doleritic lithologies; this makes discrimination between these
rock types difficult on the basis of seismic observations alone (Horen et al., 1996), even
his measurements confirmed that P and S wave velocities linearly decrease as sepen-
tine content increases. This contradicted Christensen’s (Christensen, 1972) contention that
the compressional and shear velocities and their ratio did not indicate pervasive serpen-
tinization when compared to observed seismic values; on this basis Horen suggested that
the serpeninization seen in ophiolites is produced during the obduction of the oceanic
plate, and seismic velocities are compatible with the existence of partially serpentinized
peridotites in slow-spreading ridge in accordance with geological observations. Carlson
and Miller (1997) recognized that serpentine does exist but indicated by their analyses of
Christensen’s and Horen’s data that the amount of serpentine is likely not large as the
compressional versus shear wave trends of the serpentinized peridotites diverged from
that of a gabbro-diabase trend that is in good agreement with the seismic refraction obser-
vations. A more likely scenario is that both views will hold in differing areas depending
on a number of factors with spreading rate being an important one. Slow spreading
ridges are more highly fractured and are thought to have thinner extrusive and gabbroic
layers that would admit more water and allow greater degrees of serpentinization. The
earlier laboratory seismic measurements on ultramafic rocks are listed in Table 1.2.

One additional point with regards to serpentinization and how it is presented in the
literature needs to be mentioned. Modal analysis of serpentinized rocks can be difficult
using conventional microscopic techniques; these techniques can further be in error due
to the 2D nature of thin sections. A further disadvantage is that such modal analysis can
be time consuming. Consequently, many authors have resorted to using the density of
the rock p as a proxy measure for the modal percentages of serpentine (Christensen, 1978;
Miller and Christensen, 1997; Oufi et al., 2002). These authors justify use of this measure
because the density of the pure olivine and pyroxenes (near 3337 kg/m?® for Fogy and
3285 kg/m3 for Engg) are relatively close to one another and substantially exceed that for
serpentine (~ 2550kg/m?®). Miller and Christensen (1997) defined an empirical formula for

the degree of serpentinization S (i.e. the volume fraction of serpentine) to be Eq. 1.6:
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Table 1.2: Earlier laboratory seismic measurements in ultramafic and mafic rocks

P wave S wave P/T  densi reference
Vinaz Vmin Anisotropy Vinaz Vimin Anisotropy (M Pa/°C) (g/cm®)
Rock [Km/s][Km/s] (%) [Km/s][Km/s] (%)
Harzbugite 791 7.7 2.7 200/room  3.37 Birch, 1960
(Bushveld)
Dunite 768 749 29 200/room  3.24 Birch, 1960
(Webster N.C.)
Dunite 885 7.92 111 200/room  3.31 Birch, 1960
(Wash.)
Serpentinite 588 5.65 4 200/room 2.6 Birch, 1960
(Theford)
Serpentinite 6.12 6.05 11 200/room 271 Birch, 1960
(Cal.)
Serpentinite 503 4.56 9.9 235 221 6.1 200/room 252 Christensen, 1966a,b
(Cal.)
Peridotite 1 624 577 7.8 34 286 6 200/room 275 Christensen, 1966a,b
(Cal.)
Peridotite 6 725 712 1.8 404 392 3 200/room  3.14 Christensen, 1966a,b
(Cal)
Peridotite 1 785 7.45 5.2 431 391 9.6 200/room  3.29 Christensen, 1966a,b
(Hawaii)
Dunite 896 822 8.7 483 438 9.7 200/room  3.33 Christensen, 1966a,b
(Wash.)
Peridotite 475 8.67 8.12 6.3 475 4.68 13 600/20 3.32 Kern, 1993
(Italy) 837 784 6.3 455 451 1.8 600/600  3.27 Kern, 1993
Serpentinite 987 792 6.11 26.4 38 319 185 600/20 2.74 Kern, 1993
(unknown) 792 584 29.3 371 3.03 19.6 600/500 272 Kern, 1993
PS4 5.86 {ave.) 1 3.08 (ave.) 2 atm./room 271 Horen et al., 1996
PS1 6.79 (ave.) 2 3.58 (ave.) 4 atm./room  3.06 Horen et al., 1996
PF2 7.35 (ave.) 2 4.17 (ave.) 6 atm./room 3.2 Horen et al., 1996
PF1 7.76 (ave.) 6 4.35 (ave.) 5 atm./room  3.26 Horen et al., 1996
Ophiolite(Tibet)
Cubew 66 63 4.7 3.5 3.3 59 600/room  3.29 Dewandel etal., 2003
Cubeo 6.6 6.2 6.2 35 31 12 600/room  3.29 Dewandel et al., 2003
(Oman ophiolite)
90VS53b 7.08 (ave.) 27 4 (ave)) 3.25 200/room  3.24 Barruol, 1993
(Ivrea gabbro)

Serpentine 1 6.082 5.614 8.0 3471 2959 159 70/room 272 Song et al., 2004

Serpentine 2 6.094 5572 89 3.420 3.156 8.0 70/room  2.645 Song et al.,, 2004

Serpentine 3 6.176 5.639 9.1 3424 3249 5.2 70/room 273 Song et al., 2004
(Korean peninsula)

S = (3.30 — p)/0.785 (1.6)

where p is given in units of g/cm3 similar to what would be predicted for a harzbur-
gite with 80 % Fogp and 20 % Engy. Some minor errors can be introduced by dense
accessory minerals such as spinel due to their sparseness. However, dense magnetite (~
5200 kg/m3) may need to be corrected for in some cases (e.g. Oufi et al., 2002). As such,
one needs to keep in mind the conditions under which this formula applies carefully and

recognize that it should not be a complete replacement for a proper modal analysis.
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1.2. SEISMIC WAVE ANISOTROPY

1.2.5 Serpentinization and seismic anisotropy

Aside from the studies by Christensen and co-workers described above, there has been
surprisingly little detailed work on ophiolite velocities since that time aside from the
limited measurements mentioned above, but there are four studies (Kern and Tubia, 1993;
Horen et al., 1996; Dewandel et al., 2003; Song et al., 2004) that need to be mentioned as
these look more specifically at the effects of serpentinization and anisotropy in ultramafic
rocks.

First, it is important to reiterate that Christensen (1966b, 2004) noted that the greater
the alteration of peridotite to serpentine, the lower the velocity from about 8.3 km/s
to 5.0 km/s from unaltered to nearly completely altered, respectively. However, aside
from looking at the laboratory anisotropy in his samples, he mostly tried to eliminate
the effects of serpentine on anisotropy by calculating anisotropy from crystallographic
orientation statistics.

Kern and Tubia (1993) measured P and S-wave anisotropy on cubes of serpentinized
ultramafic rocks from the Sierra Alpujata massive, Spain. The measurements in three-
cubes, the sides of which were oriented with respect to the rock lineation and foliation,
and carried out to confining pressures of 600 MPa and 600°C. Although they worked
with only a limited numbers of samples, they detected Christensen’s inverse relationship
between density and velocity. However, they further noted that the lower the density (i.e.
the greater the serpentinization) the lower the anisotropy from 6-8 % in the less altered
lherzolite to only < 2% in the more altered rocks.

Horen et al. (1996) measured P- and S-wave anisotropy on a suite of serpentinized
peridotites with harzburgitic composition from the Xigaze ophiolite, Tibet. Measure-
ments were made on rectangular prisms oriented with respect to the field lineation and
foliation elements. The serpentine content in these samples fell in the range from 6 % to
70 % as estimated from the density. They found both velocity and anisotropy to decline
in proportion to the degree of serpentinization. One criticism of this study, however, is
that they carried out their measurements at room pressure where microcrack porosity
is expected to be influential. They justified this by noting that few cracks were seen in

microscopic examinations.
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1.3. CAUSES OF MAGNETIC ANISOTROPY

Dewandel et al. (2003) made petrographic and high pressure velocity measurements on
2 samples from the Oman ophiolite mentioned earlier. These authors observed a penetra-
tive network of serpentine (lizardite) filled cracks oriented subparallel to the harzburgite
foliation. These authors suggested, however, on the basis of petrographic examination
that locations of the serpentine within the penetrative network of the rock increased the
anisotropy of the rock in contrast to both observations’ (Kern and Tubia, 1993; Horen et al.,
1996).

More recently, Song et al. (2004) carried out anisotropy measurements on three serpen-
tinites in directions along and perpendicular to the foliation planes. Their study focussed
more on determining the elastic properties of the material for engineering purposes and
they did not look at issues related to density and anisotropy in the geological context.
They did not provide any indication of the provenance of the material, however, aside
from the fact that it was taken from an asbestos mining area. As such, comparison of
these observations to this and other work that has focussed on ophilitic material is prob-
lematic. However, their results have been included for purposes of comparison in Table
1.2 and in later synoptic plots of density verse physical properties.

As will be seen, the results of this study will support the observations of the inverse

relationship between serpentinization and both velocity and anisotropy.

1.3 Causes of magnetic anisotropy
1.3.1 Basics of rock magnetism

As a brief review, it is worthwhile to discuss some basic information on magnetism and
on the magnetic properties of minerals. This is a large topic and for more details a good
starting point is Lowrie (1997). Essentially, however, any moving charge generates a mag-
netic field. Consequently, at the atomic level both electron orbital and spin produce a
magnetic effect and all materials must have magnetic properties of one kind or another
above absolute zero. When a magnetic field is applied to materials, the spin of the elec-
tron produces a magnetization in a direction opposite to the applied field. In general,
all materials are magnetic, however some materials are more magnetic than others. The

main reason for the difference is the strength of the interaction of atomic magnetic mo-
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1.3. CAUSES OF MAGNETIC ANISOTROPY

ments of the material. The overall magnetic properties depend on how all these ‘magnetic
moments’ superpose with one another, this is termed magnetization. These effects at the
macroscopic scale primarily are manifested at how the material will behave when it is

placed in an external magnetic field H and three major divisions can be made:

e Paramagnetic materials in which the magnetic field is slightly increased (usually
only a small fraction of a percent) by their presence. The outermost electron shells
of such materials are usually not filled and as such when placed in the external
magnetic field the electron spins precess with a magnetic moment aligned with
the field to supplant it. Most rock forming minerals fall in this category including

olivine, pyroxene, and clays.

¢ Diamagnetic compounds in which the magnetic field is slightly decreased, again
by only a small fraction of a percentage. In these materials the outermost electron
shells are completed and as such will precess such that their magnetic moment
is aligned against the applied field and as such decreases it. Some common rock

forming minerals such as quartz, calcite, and halite are all diamagnetic.

o Ferromagnetic materials are those which we commonly think of as being ‘mag-
netic’. In these materials the electron spins all align spontaneously without an exter-
nal magnetic field. When they are in a magnetic field the strength can be increased
by more than 100 %. In true ferromagnetic materials, unpaired spins in the 3d shells
are linked and this behaviour is superimposed on the weak paramagnetism of the
material. If the ability to link the spins is impaired by, for example, heating above
a characteristic temperature then the material becomes paramagnetic again. Iron,
cobalt, and nickel are true ferromagnetics. A weaker but similar coupling exists in
ferrimagnetic materials including magnetite and ilmenite. In many respects these
are the most important for geological study because they have a strong magneti-
zation relative to the other rock forming minerals and even a small percentage of

them will dominate the rock’s magnetism.

Figure 1.2 schematically shows the atomic scale models of these different types of

magnetism. The small arrows inside the frames represent the magnetic moment in the
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Figure 1.2: Different forms of magnetization (Modified from Tarling and Hrouda, 1993).
Solid arrow: Applied magnetic field; Hollow arrow: Magnetization

material. The solid arrows outside the frame represent for the applied field; the hollow
arrows for the magnetization.

It is important to put these thoughts into a quantitative form. The strength of magne-
tization is usually given in terms of the dimensionless magnetic susceptibility K in which

the induced magnetic field B is given by (1.7):

B = po(l+ K)H 1.7)

where 9 is the permeability of free space. For rock forming minerals, the suscepti-
bility K is typically less than 10~ for paramagnetic, greater than 10~° for diamagnetic,
and from 0.5 to 20 for ferrites. Hrouda (1982) give a good overview of the issues related
to defining the susceptibility. As both M and H are expressed in amperes per meter, the
volumetric magnetic susceptibility, K, is dimensionless (SI). Susceptibility varies in the
general case according to the strength of the field "H’ and temperature, and may also
vary with the measurement direction resulting in a non-parallelism between H and mag-

netization M = K x H vectors.
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1.3. CAUSES OF MAGNETIC ANISOTROPY

There are some ‘rules of thumb’ with expectations of the relationship between miner-
alogy and how it influences the overall susceptibility of the material (Tarling and Hrouda,
1993):

e Casel: If K greater than 5% 1073 (SI) and if the modes of paramagnetic minerals of

at least 10 %, then the ferrimagnetic minerals are the prime carrier of magnetism.

e Case2: If K less than 5x10~4 (SI)and has at least 10 % paramagnetic minerals, then

this portion controls the magnetism.

e Case3: If K in the range of 5x10~* to 5x1073 (SI), then both ferrimagnetic and

paramagnetic minerals will influence the magnetism.

The magnetic material is actually composed of small regions called magnetic do-
mains. The existence of domains is suggested by the observation that some magnetic
properties, in particular, coercivity and remanence vary greatly with grain size. Domains
are small (~ 107~ ~ 10~%m), but are much larger than atomic distances (~ 1071%m).
Each domain is separated from its neighbor by a block wall. In each domain the local
magnetization may be saturated but not necessarily parallel to others. Without an exter-
nal applied field, the domains arrange themselves to minimize the magnetostatic energy
associated with their surface poles. The magnetic behavior of a single domain-sized par-
ticle is significantly different from that of one containing multidomain-sized particles,
even if the composition and total quantity of the ferromagnetic materials are the same.

The magnetic behavior can be subdivided on the basis of grain size into four ranges:
superparamagnetic (SPM), single domain (SD), pseudo-single domain (PSD), and mul-
tidomain (MD) (Dunlop and Ozdemir, 1997).

If the grain is small, the magnetization within it is uniform in direction and is aligned
with specific crystallographic axes. In large grains with many domains, magnetization

may be aligned along an ‘easy’ axes (Tarling and Hrouda, 1993).

1.3.2 Magnetic anisotropy

In reality, the simple equation above is incomplete because it turns out that the value of

the susceptibility measured will depend on the direction at which it is measured.
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Figure 1.3: Schematic showing the magnetic susceptibility ellipsoid of rocks. (K min, K
int, and K max correspond to the minimum, intermediate, and maximum principal axes
of the ellipsoid)

The directional variability in magnetization is termed magnetic anisotropy. The mag-
netic anisotropy of rocks was first revealed by Ising (1942). Magnetic anisotropy can
also be expressed in terms of the directional variability in the energy of magnetization to
saturation (Stacey, 1960). As such, describing the magnetic anisotropy is more involved
and while the mathematics of this is delayed till Chapter 4, it is worthwhile noting that
6 independent values are required to describe the susceptibility completely. One way
to look at this is that three of these are required to describe the magnitudes of the sus-
ceptibility while those remaining are necessary to describe its directions. As such, one
may use tensor notation identical to that employed in describing stress and strain. In the
study of rock fabrics, low field magnetic susceptibility anisotropy may be described us-
ing an oriented ellipsoid (Kmaz, Kint, and Kpin or K1, Ko, and K3) (Figure 1.3). Workers
commonly use a number of approaches to condense the tensor information, Tarling and
Hrouda (1993) give an extensive overview of all of the methods used. Currently, work-
ers mostly employ the attributes of anisotropy degree, foliation, lineation, and magnetic

shape parameter, the details of these measures are delayed to Chapter 4.
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1.3. CAUSES OF MAGNETIC ANISOTROPY

The intrinsic susceptibility anisotropy of individual minerals will be an important
consideration and measurements are even reported as early as 1907 on calcite by Voigt
and Kinoshita (Nye, 1957). However, there still remain only a limited number of mea-
surements of such properties. Borradaile et al. (1987) made measurements on small min-
eral separates taken from metamorophic rocks and found the magnetic anisotropy degree
(Kmaz/ Kmin) less than 1.2, More recently, Martin-Hernandez and Hirt (2003) measured the
magnetic anisotropy of muscovite, chlorite, and biotite, they found anisotropy degrees of
about 1.3 for biotite and near 1.15 for both muscovite and chlorite. Although these mea-

surements are useful, there still remains much work to be done (Tarling and Hrouda, 1993).

1.3.3 Magnetic anisotropy and rock texture

As noted above, a textured rock will be anisotropic partly because of the preferential
alignment of the anisotropic minerals of which the rock is composed. Similarly, the
magnetic anisotropy of the mineral grains of the same rock will also contribute to an
overall magnetic anisotropy to the rock. Conversely, knowledge of the rock’s magnetic
anisotropy and its direction provides petrofabric information. This information can sup-
plant or complement that obtained by other techniques used to obtain this information
such as x-ray goniometry or universal stage petrography. The advantage of the magnetic
techniques is that they are often far less time consuming and costly. The technique has
mostly been applied by structural geologists who want to obtain additional information
on the strain that a rock has experienced. Newer methods can even separate the effects
of the ferromagnetic and the paramagnetic minerals, each of which tells a different story
about the rock’s history (Kelso et al., 2002).

The magnetic anisotropy has been successfully used in this field of study over last
few decades (Girdler, 1961; Jelinek, 1978; Hrouda, 1982; Rochette et al., 1992; Borradaile and
Henry, 1997; Borradaile, 1991, 2001). The study of magnetic anisotropy is one of the more
promising subjects in rock magnetism research because it is linked to the rock’s intrinsic
petrofabric. In general, magnetic fabrics are sensitive indicators of rock texture and strain.
Magnetic fabric techniques use this characteristic to measure the petrofabric of rocks in
order to provide additional information on the rock’s origin and structural evolution.

Many authors have reviewed the principles and applications related to anisotropy
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of low field magnetic susceptibility (Hrouda, 1982; Borradaile, 1988; Jackson, 1991; Tarling
and Hrouda, 1993; Borradaile and Henry, 1997). The idea that the anisotropy of magnetic
susceptibility (AMS) can be used as a gauge of petrofabric is similar to that for elastic
anisotropy, in that rocks will have a magnetic fabric due to the preferential orientation of
anisotropic magnetic minerals. The preferred orientation of their crystallographic axes
and the grain shape determine the magnitude and direction of the AMS. The bulk mag-
netic susceptibility and its anisotropy represent a summation of the susceptibility of all
the mineral species present in a sample. This is similar to the relationships between the
elastic properties and texture mentioned above, but progress in relating magnetic prop-

erties to texture is not at as advanced a stage.

1.3.4 Serpentinization and magnetic anisotropy

Much of the work has focused on metamorphic terranes, but there are a number of stud-
ies that focus on the magnetic anisotropy of peridotites and this has accelerated in the
last few years. Toft et al. (1990) carried out on numerous magnetic susceptibility measure-
ments on a suite of serpentinized harburgites from the Josephine peridotite (Oregon).
In the 39 samples studied densities ranged from 2400 kg/m? to 3250 kg/m? and sus-
ceptibility varied from 0.0009 to 0.0665 (SI unit). Oufi et al. (2002) measured a variety
of magnetic properties, including susceptibility, on nearly 300 samples of serpentinized
peridotites taken from various oceanic scientific drilling programs. Both groups did not
measure magnetic anisotropy, but they did demonstrate an inverse logarithmic correla-
tion between magnetic susceptibility and density. This relationship is crudely expected
because, as noted above, magnetite is a product of the retrograde serpentinization reac-
tions. Indeed, one would expect small values of susceptibility in a completely fresh and
unaltered peridotite that would not be expected to host ferromagnetic minerals.

Hrouda et al. (1988) showed that the paramagnetic and ferromagnetic AMS are coax-
ial in different types of rocks including metamorphic and that AMS is determined first
of all by tectonometamorphic control factor (for both paramagnetic and ferromagnetic
minerals). The magnetic patterns are very similar in metamorphic, granitoid and sed-
imentary rock from the Cierna hora and Branisko Mountain (West Carpathians). The

reason is that the deformation of these rocks took place at the same time. MacDonald
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and Ellwood (1988) contributed the AMS fabric to both mylonitic foliation and the abun-
dant secondary magnetite from serpentinization. They considered that the later stage
serpentization produced more magnetite and therefore the AMS demonstrates the influ-
ence of the serpentization that was developed along the fractures. Bina and Henry (1990)
analyzed 16 samples of from ODP Hole 670A. They concluded that magnetic anisotropy
should be likely to be mimetic of high-temperature deformation before serpentization;
when serpentinization is high, the magnetic fabric correspond to some superimposition
of ‘olivine mimetic’ and ‘magnetite veins’ fabrics. Borradaile and Lagroix (2001) used mag-
netic fabrics to constrain upper mantle flows in the Troodos ophiolite complex, Cyprus.
They were able to show that the silicate mineral alignments are consistent with flows
away from a spreading center. The magnetic component, however, shows the magnetite
to have a different alignment that was likely superimposed by nearby magma chambers.
In a follow up study, Borradaile and Gauthier (2003) looked at magnetic anisotropy in the
dike sections of this ophiolite. Lawrence et al. (2002) used the magnetic anisotropy of ser-
pentinized peridotites from ocean drilling cores from the slowly spreading mid-Atlantic
ridge to place constraints on the tectonics of a median valley fault zone on the ridge, in
which the magnetic foliation defined by K, is similar to the composite foliation. Ferré
et al. (2004) actually showed that ferromagnetic and paramagnetic anisotropy (measured
in the low and high field) are generally coaxial (if with statistical errors) that coincides
with conclusion of Hrouda et al. (1988), but they made exactly opposite conclusion in the
paper . Most recently, Ferré et al. (2005) studied unweathered peridotites from the Twin
Sisters massif, Washington state. Despite contamination of the samples with ferrimag-
netic minerals along cracks, they were able to isolate the paramagnetic response (i.e. that
of aligned olivine) and compare this with lattice preferred orientations determined using
electron backscattering to show that the magnetic anisotropy could be used as a proxy
for the LPO.

1.4 Objective of the work

Determination of the lithological, magnetic and seismic properties of crustal and mantle

rocks is essential for proper interpretation of the nature of observed seismic reflectors or
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of velocity studies, and of magnetic phenomena. Various authors have investigated and
focused their research on the relationship between mineralogical and magnetic fabrics,
or mineralogy and seismic anisotropy. Despite the ubiquitous characteristics of magnetic
and seismic anisotropy of rocks, few studies have examined the relationship, if any, be-
tween seismic and magnetic anisotropy despite numerous observations that magnetic
petrofabric is closely related to both micro-crack and lattice-preferred orientation (LPO).
Thus, the primary and exploratory focus of this work is to determine if there is a relation-
ship between magnetic anisotropy and seismic anisotropy in the Pindos and the Vourinos
ophiolites. Some of the observations may be of general interest to those who study the
seismological and magnetic aspects of serpentinized peridotites.

This will be accomplished by laboratory analysis of velocity anisotropy and AMS in
both the Rock Physics and Magnetic laboratories and comparing the results. It is reason-
able to suggest that the LPO and assembly of minerals may influence the magnetic fabrics
and the AMS in a manner similar to seismic anisotropy. Hence, the second motivation
for this study is to assess the extent to which elastic and magnetic anisotropies corre-
spond in the Pindos and the Vourinos ophiolites, such that a well established correlation
of the degree and direction of anisotropy would allow the simple AMS measurement
to be used as a proxy for rock fabrics in seismic anisotropy studies. In later work, we
aim to determine other systematic magnetic fabric changes in various anisotropic media
and construct a database of experimental data for numerical modeling. Metamorphic
rocks with complex texture and composition usually exhibit a particularly seismic and
magnetic anisotropy. With a suite of rocks of the same origin, and extending over a wide
range of degree of serpentinization, our investigation may yield interesting comparisons.
The approach used in this study to derive anisotropic rock properties comprises of two
complementary methods applied to the same samples: (1) ultrasonic velocity laboratory
measurements and, (2) anisotropy of magnetic susceptibility laboratory measurements.
Both procedures and results will be described, compared and discussed for a group of
serpertinized dunite and harzburgite samples from the Pindos and the Vourinos ophio-

lite in Greece.
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Chapter 2

Geology and Characteristics of the
Samples

This chapter contains a brief review of the geologic concepts regarding the Tethyan Hel-
lenic ophiolites and the Pindos and Vourinos ophiolites in particular. This sets the stage
for the description of the samples. A number of tools were employed in order to better
characterize the samples including petrographic analysis, x-ray diffraction, x-ray fluores-
cence, grain density, porosity, scanning electron microscopy, magnetization as a function
of temperature in the thermomagnetic analysis, and isothermal remanent magnetization

(IRM) experiment. The results of these studies are presented in this chapter.

2.1 Tethyan ophiolites

As noted in Chapter 1, ophiolites are considered to be masses of oceanic crust and up-
per mantle rocks, where there is a distinctive sequence of magmatic, sedimentary, and
metamorphic rocks formed in an oceanic environment (Best, 2003). Much of the stan-
dard ophiolite model described in the previous chapter was developed in the early days
of plate tectonics and assumed, for the most part, that all the ophiolites were formed at
mid-ocean ridges (mid-ocean ridge basalt or MORB). This has been shown more recently
to not describe all ophiolites; and the geochemical signature of many is more akin to that
of island arc tholeiite (IAT). This oceanic crust is not formed at the mid-ocean ridges but
at back-arc basin extensional regimes. The ‘oceanic crust’ need not have been produced

only at mid-ocean ridges but evidence in the last 20 years has tended to show that many,
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2.1. TETHYAN OPHIOLITES

if not most, of the crust that would form ophiolites came from upwelling and magmatism
associated with lithosphetic extension in the upper plate that formed arc related oceanic
crust (e.g. see reviews by Dilek (2003)and Robertson (2004) which are referred to as ‘supra-
subduction zone (S5Z) environments by those workers specializing in ophiolite studies.
The crust making many ophiolites then formed in the last stages of the Wilson cycle as an
oceanic basin closes. As such, the term ophiolite should not be taken to indicate the spe-
cific tectonic setting in which the crust was formed as it could refer to structures formed
either at mid-ocean or within back arc basins.

The ophiolite rocks studied here were taken from two of the Dinardic-Hellenic ophi-
olites, which themselves are part of the larger family of Tethyan ophiolites related to the
closure of various Tethyan basins and that stretch from Indonesia to Spain. The story be-
hind these differing ophiolites and their tectonic significance is highly complex and still
incomplete and even controversial (Flower and Dilek, 2003). For example, even within the
Balkan Pennisula two differing generations of Jurassic ophiolite belts may be found: the
western Pindos and the eastern Vardar zones that are likely respectively related to closure
of the ‘Paleo-Tethys’ and the ‘Neo-Tethys’ ocean basins (Stampfi and Borel, 2004). How-
ever, it must be reiterated that the focus of this thesis is not on the tectonic significance of
these particular rocks but on the development of techniques for determining their physi-
cal properties. As such, the interested reader is directed to the papers just mentioned and
that of Dilek et al. (2005) for good overviews of current thought on this topic.

In this study, a suite of samples with varying degrees of serpentinization from the
Pindos and the Vourinos ophiolites (Greece) were provided to the University of Alberta
in order to assist with material characterization for deformation measurements. The Pin-
dos and Vourinos ophiolites are part of the Dinaric-Hellenic ophiolite belt out-cropping
along the Northeastern Mediterranean (Figure 2.1(a)). They are relatively close to one an-
other (40 km) and fall within the Pindos belt mentioned above (Dilek et al., 2005). These
ophiolites formed during the Middle Jurassic (Smith, 1993) and were emplaced shortly
after their formation (Rassios, 2000). The Vourinos ophiolites are composed primarily of
harzburgite and associated dunite, which are locally deformed. The Vourinos ophiolite
shows the most complete stratigraphy (12 km in thickness, with 5 km of crust), includ-

ing peridotite, gabbro, and a well-developed dykes section . The Pindos ophiolite is less

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.1. TETHYAN OPHIOLITES

compete and more tectonized, with a basal layer of harzburgite mylonites (200 m), and
less deformed harzburgite and dunite bodies above it, and small outcrops of dyke and
basalt (Rassios et al., 1983). Figure 2.1(a) shows the locations of the selected ophiolites
from the Hellenic Arc in Greece and Albania (green areas). Figure 2.1(b) is the map of
the Pindos and Vourinos ophiolites (Rassios, 2000). The Vourinos ophiolite shows a con-
tinuous stratigraphy, while tectonism is more prominent in the Pindos ophiolite, where
contacts are mostly tectonics (thrust faults). The Meso-Hellenic Trough developed in the
Cenozoic has separated these ophiolites. Ross et al. (1980) and Ross and Zimmerman (1996)
carried out comparative conventional structural analysis combined with paleopiezome-
try and paleothermometry on the Pindos and the Vourinos ophiolites that indicate while
they are primarily similar, it appears there were some differences in their emplacement
history.

As the brief overview above indicates, the geologic study of these ophiolites is both
interesting and complex, and as such remains incomplete even as admitted by the au-
thors above. However, it must be remembered that the purposes of this study were not
to add new information to the understanding of these ophiolites, per se, but to look at
the development of complementary techniques for physical property determination. As
such, the rock samples were selected not on the basis of their geological significance in
the context of these ophiolites but because they all were serpentinized olivine rich peri-
dotites. The rock blocks used in this study were selected from samples obtained during
a fieldwork season in 2000 by Escartin and Mével. Dr. Escartin will use the samples in
later deformation experiments. As such, he hoped to keep the material studied as simple
as possible in order to be able to minimize the number of interactions between various
minerals that could occur during his high pressure and temperature deformation stud-
ies; olivine rich serpentinized periodites were thus chosen. Location of sampling sites are

indicated by black dots and corresponding labels.
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Figure 2.1: Top: Sample location map in Greece. Bottom: Lithological distribution map
of Pindos and Vourinos ophiolites (after Rassios et al., 2000; by courtesy of ].Escartin).
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2.2. PHYSICAL CHARACTERISTICS

Table 2.1: The minerals identified in X-ray diffraction analysis

Densit

Sample (g/cm”) Major minerals identified by X-ray diffraction
P03-1 3.19 Forsterite, Enstatite, Clinochrysotile
P04-2 2.87 Forsterite, Enstatite, Clinochrysotile
Po8-3 3.06 Forsterite, Enstatite, Clinochrysotile
P11-1 3.28 Forsterite, Enstatite, Clinochrysotile
P12-1 3.25 Forsterite, Enstatite, lizardite
P13-1 26 Clinochrysotile, Forsterite, Brucite, Lizardite
P13-2 2.6 Clinochrysotile, Forsterite, Brucite, Lizardite
P16-3 2.82 Clinochrysotile, Forsterite, Lizardite, Augite
P 08-4 3.08 Forsterite, Enstatite, Clinochrysotile

vV 03-7 2.95 Forsterite, Brucite, Clinochrysotile

V 03-11 2.99 Forsterite, Brucite, Lizardite

2.2 Physical characteristics
2.2.1 X-ray diffraction

Due to complications of serpentinized ophiolite, X-ray diffraction (XRD) is used to ana-
lyze the mineralogic composition. The mineralogic composition both from XRD power
and from oriented samples show the similar composition including the presence of the
same major minerals: Forsterite, Enstatite, Clinochrysotile, Lizardite, and Brucite. All
major compositional minerals are listed in Table 2.1. As noted, no magnetite was de-

tected in the XRD experiments, which means that there must be only small amounts.

2.2.2 Optical petrographic studies

Rock fabric may have some different features in their body, e.g. foliation and lineation.
Foliation is a planar fabric produced during the deformation or crystal growth. The fo-
liation used for planar fabrics depends on the grain size and the gross appearance. The
lineation is a linear orientation of elongate crystals. The long directions of the crystals
being parallel to each other generates the alignment. When each uncut specimen dimen-
sion allowed, one core was cut perpendicular to the foliation plane and at least one other
sample was cut parallel to the foliation plane. In cases where there is a visible lineation
direction, two cores parallel and perpendicular to the lineation direction were cut within

the foliation plane. If possible, additional cores were cut in the same direction to investi-

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2. PHYSICAL CHARACTERISTICS

gate the heterogeneity within a given specimen.

Thin sections identified the macrostructure of the samples. Photomicrography from
the thin sections cut perpendicular and parallel to the foliation illustrating the microstruc-
ture are shown in Figure A.1 to A.11 in the Appendix A. Comparison of typical textures
of high, intermediate, and low serpentinization samples are shown in Figure 2.2, with
different serpentine minerals range from 40.2 %, 23.5 %, and 8.3 % (based on whole rock
analysis discussed in next section). Different serpentinization degrees will change the
rock texture and composition, then greatly influence both seismic and magnetic prop-
erties of the rock samples. O'Hanley (1996) discusses details of the complex textures ob-
served in serpentinized peridotites. He notes the difficulties in identifying these minerals
and noting that ‘microbeam X-ray’ techniques may be necessary to study the small ser-
pentine mineral grains. For example, two typical serpentinized peridotite samples P 03-1
and P13-1 are seen in Figure 2.2(c) and 2.2(a); P 13-1 is heavily serpentinized and P 03-1 is
lightly serpentinized. Olivine grains have a high birefringence, usually appearing with
bright greenish-blue to red in the thin section, and have a lack of cleavage. Elongate crys-
tals display parrel extinction. Serpentine is colorless to pale green. Chrysotile is usually
fibrous; lizardite is platy; both have the perfect cleavage. The thin sections display ser-
pentine’s straight extinction. Pyroxene grains are pale yellow and display good cleavage,
and parallel extinction in the Figure 2.2(b). Comparing P 03-1 and P 13-1 in Table 3.10 and
Table 4.2, laboratory data show a large decrease in velocity and anisotropy; meanwhile,
a obvious increase in magnetic susceptibility with increasing serpentinization degree.
However, in the thin section the textures of these two differ significantly. The highly ser-
pentinized P 13-1 has a chaotic appearance with few remaining clear crystals of olivine.
The darker portions of the image are predominantly serpentine that appears in what has
been referred to as ‘apparent’ fabrics by O’Hanley (1996).

The major minerals in the samples include forsterite from the olivine group, serpen-
tine group minerals, enstatite and augite from the pyroxene group, and brucite. A few
other minerals including dolomite, clinochlore, talc, and tremolite. Given the difficulty
in differentiating the serpentine group minerals from each other on the basis of X-ray
analysis, and although the program used to analyze the X-ray results assigned the name

clinochrysotile, we prefer to use serpentine group. Modal analysis were from the thin
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Table 2.2: Whole rock analysis of samples (composition of oxides listed in weight per-
centage)

SampleIdent  SiO2 Al2O3 CaO MgO NasO K20 Fea03 MnO TiOz P»Os Cra203 LOI Sum
Weightpercentage % % % % % % % % % % % % %

P03-1 4096 025 0.31 4631 <0.01 003 915 012 005 <0.01 053 25 100.1
P04-2 - - - - - - - - - - - - -

P08-3 41.83 053 047 45 <0.01003 872 012 006 <001 043 3.1 1002
P08-4 4173 03 05 457 <0.01003 845 012 002 <0.01 043 3.05100.2
P11-1 4296 034 05 4646 <001 0.04 881 012 004 <001 047 05 1002
P12-1 4273 007 021 4741 <0.01 0.02 854 012 002 <001 05 0.65 100.2
P13-1 34 001 0.16 4433<0.01003 738 01 003 <0.01 032 13.85100.1
P13-2 3393 005 0.14 4441 <001 003 729 01 002 <001 047 13951003
P16-3 40.76 2.8 192 3641 <0.01 004 941 014 01 <0.01 036 86 1006
V03-7 37.57 0.21 0.25 4755 <0.01 003 82 011 001 <001 05 5951003
V03-11 379 005 017 49.11 <0.010.03 753 01 <001<0.01 043 5.1 1003

section were attempted. However, there were a number of difficulties with adequately
distinguishing minerals from one another given the complex serpentine textures, and this
attempt was dropped. More involved analysis using microprobe measurements may be

needed to adequately carry out modal analysis.

2.2.3 Whole Oxide and Chemical-modal analysis

X-ray fluoresecence (XRF) is a quantitative elemental analysis technique for the determi-
nation of the chemical composition of many types of materials, based on their character-
istic X-ray emission behavior. The XRF results from SGS Geochemical Services in Toronto
are listed in Table 2.2. There is no XRF analysis for the sample P 04-2.

The analysis can be separated by three steps. At first, the major minerals present in
the samples can be determined based on the powder X-ray diffraction (XRD). Then, con-
vert the results from the whole rock analysis to molar concentrations from oxide weight
concentrations. Finally, according to the molar concentrations of the minerals, we in-
vert these to find the approximate estimation of the relative molar concentrations of the
minerals and then convert to weight percentage. The results shows that olivine is major

component in all samples in Table 2.3.

2.2.4 Physical characteristics

Mass densities were obtained by the Archimedean displacement method and by using

He porosimetry on these dried samples. The porosities of the samples were obtained by
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©

Figure 2.2: Representative samples of textures including: a. large serpentinization degree
(P13-1) b. intermediate serpentinization degree (P16-3) c. small serpentinization degree
(P03-1). Thin section were taken under crossed polars.
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Table 2.3: The relative concentration of the minerals as determined using whole rock

analysis
Minerals Forsterite Enstatite Clinochrysotile Brucite Lizardite Augite

Weight percentage % % % % % %
P03-1 85.1 6.6 8.3 - - -

P08-3 77.0 13.0 9.5 - - -

P08-4 77.1 38 16.3 - - -

P11-1 827 0.6 7.0 - - -

P12-1 87.2 25 - - 103 -

P13-1 59.7 - 81 102 221 -

P13-2 60.5 - 9.0 103 202 -
P16-3 4.0 22.7 - - 235 9.6

V03-7 744 - 11.2 0.74 - -

V03-11 74.9 - - 2.8 17.5 -

Table 2.4: The density and porosity of plugs
Density (grain)(MultiPycnometer) Porosity Density(Archimedean)

Sample (g/cm®) (%) (g/em®)
P03-1 324 15 319
P04-2 291 2 2.87
P08-3 3.0 03 3.06
P11-1 333 12 3.28
P12-1 3.29 17 3.25
P13-1 2.62 24 26
P13-2 2.63 0.6 26
P16-3 2.88 06 2.82
P 084 3.08 - 3.08
V 037 2.96 - 2.95

V03-11 2.97 - 2.99

calculation from data generated by a He porosimeter (Quantachrome MultiPycnometer
No. MPV-60 C) and envelope volume (Micromeritics GeoPyc 1360). All densities and
porosity are shown in Table 2.4. The porosity is typically less than 2 % at room tempera-
ture and pressure. This contention is supported by the relatively small dependence of the
sample velocities to pressure as will soon be shown. Further, no detectable permeability
(< 1072'm?) was found in these samples by Escartin.

SEM micrography was used to investigate the microstructure and composition of the
rock and minerals. The SEM micrographs here (Figure 2.3(a) and 2.3(b) ) do not reveal
much about the rock texture in general, however they are consistent with the other ob-
servations of small porosity and vanishing permeability as no pores are seen at this scale.

The relationship between density and serpentine minerals percentage (clinochrysotile

+ lizardite) has been plotted based on the whole rock analysis in these samples. There
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Figure 2.3: Secondary electron images. Top: SEM photography of sample P 11-1. Bottom:
SEM photography of sample P 13-1.
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Figure 2.4: Density decrease with the increasing serpentine minerals (based on whole
rock analysis).

is a obvious decrease trend with the increasing serpentine percentage in Figure 2.4 . We
also plot LOI (Loss on ignition) with density (Figure 2.5). The LOI is related to the loss
of volatiles. The decrease trend between these two is very clear. This is likely caused by

loss of water from the serpentines and brucite.

2.2.5 Existence of magnetite

Magnetite is the most common ferrimagnetic mineral (Hrouda, 1982), and exhibits an
unique Curie temperatures of 578 °C. Other magnetic behaviors of magnetite, such as
spontaneous magnetization, hysteresis, and remanence are similar to ferromagnetic min-
eral like mental iron. However, iron and magnetite have different magnetic structures.
Pure iron has a different Curie temperature close to 800 °C. In order to prove the presence
of pure magnetite in this study, the thermomagnetic analysis and isothermal remanent
magnetization (IRM) experiments have been completed. The analysis revealed a Curie
temperature of 580 °C indicating the presence of pure magnetite in Figure 2.6. Addi-

tional evidence is shown in Figure 2.7, where the magnetic moment of the sample was

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2. PHYSICAL CHARACTERISTICS

15 Y Y Y
*
g 10F e
[+]
<
pa *
K]
=
j
o
c
G *
2
g s * :
* e
*
*
0 N N " A 2 2 2 a
25 26 27 28 29 3 34 32 33 34
density (g/cm’)

Figure 2.5: Density decrease with the increasing LOI (Loss on ignition) minerals (based
on whole rock analysis).

measured during three stages: demagnetization, saturated in a progressive applied field,
and finally reduced to zero and re-saturated in the backfield direction. When a very
low field was applied to the sample in the opposite direction, a significant reduction in
the magnetic moment indicates that ferrimagnetic minerals may exist. The fact that the
IRM was saturated twice in an applied field around 300 mT suggest that the ferrimag-
netic mineral is magnetite (Dunlop and Ozdemir, 1997). The remanent acquisition coercive
force (H..) and the remanent coercive force (H,,) ratio is used to exactly differentiate
magnetite and titanomagnetite (Dankers, 1981). For instance, H,./H = 1.6 + 0.2 for
magnetite and H/,./H.. = 1.2 £+ 0.2 for titanomagnetite by Dankers’s report. Our sample
yields H.. = 38mT and H,, = 23mT with ratio H.,./H,. = 1.65, which means that it is
magnetite by this additional evidence.

Another thermomagnetic analysis is done for the typical low serpentinization sample
P 03-1 in Figure 2.8. The room temperature magnetic susceptibility is much lower (2.5
times less) than for sample P 16-3. That demonstrates that magnetite must be a very mi-

nor magnetic mineral in the samples with low serpentinization degree. The increment of
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Figure 2.6: Magnetic susceptibility vs temperature for sample P 16-3
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Figure 2.7: Isothermal remanent magnetization for sample P 16-3; the sample P 16-3 was
first demagnetized, then, saturated in a progressively strong applied field, finally, grad-
ually reduced to zero in the backfield direction.
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magnetic susceptibility around 220 °C may indicate so-called ‘lambda’ transition in the
heating curve when thermally activated ordering in hexagonal pyrrhotite crystal occurs.
The Curie temperature of phyrrotite is about 265 °C (Dunlop and Ozdemir, 1997). During
heating in the air usually pyrrhotite transforms irreversibly to magnetite (Bina and Daly,
1994). The Figure 2.8 demonstrates this possible scenario when magnetite is demagne-
tized about its Curie temperature at 580 °C. After cooling the magnetic susceptibility
has higher value because of new magnetite formed in the sample. The pyrrhotite is a
common accessory mineral in metamorphic rocks.

Another possible explanation of the thermomagnetic behavior of the low serpen-
tinized samples is the presence of chromites that are common in peridotites (Dunlop and
Prévot, 1982). Their Curie temperature depends on content of Cr. Decreasing of Cr con-
tent leads to increasing of the Curie temperature.

We cannot exclude possibility of some titanomagnetite presence although it is not
very typical accessory mineral for dunites and serpentinites. Titanomagnetite inverts
during metamorphic heating into a phase assemblage that includes magnetite (Dunlop
and Ozdemir, 1997) and therefore often is not presented in these rocks. During the labora-
tory heating experiment the titanomagnetite can transform to magnetite irreversibly. The
transformation usually occur between 200 and 400 °C and depends on content of Ti.

Mostly, AMS can be a good linkage between magnetic fabric and rock fabric, where
bulk magnetic susceptibility is usually determined by the volume of paramagnetic, dia-
magnetic, and ferrimagnetic minerals, with ferrimagnetic as an accessory phase in the
entire rock. Usually in the normal fabric situation, the orientation of an AMS carrier min-
eral is the representative of major phases of minerals, or accessory ferrimagnetic phase
that can mimic the orientation of the main phase in the rocks.

Since ferrimagnetic minerals have positive and large susceptibilities compared to the
paramagnetic and diamagnetic minerals, ferrimagnetism plays an important role in de-
termining magnetic fabric, even if they are only accessory phases. In magnetite, for ex-
ample, the AMS is controlled dominantly by its shape anisotropy.

Most rock-forming minerals are paramagnetic (e.g. olivine, amphibole, biotite, gar-
net ) or diamagnetic(e.g. quartz, feldspars, calcite ). Diamagnetic minerals are weakly

magnetized in the direction opposite to an applied field; and typically characterized by
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Figure 2.8: Magnetic susceptibility vs temperature for sample P 03-1

a negative and small magnetic susceptibility. Conversely, paramagnetic materials are
magnetized in the same direction as the applied field, usually to a greater but still small
degree. Both paramagnetism and diamagnetism disappear after removal of the applied
field. Magnetic susceptibility in these minerals is also temperature dependent. In para-
magnetic and diamagnetic minerals, the AMS is typically magnetocrystalline, being de-
termined by the crystallographic lattice preferred orientation of the mineral grains (Tar-
ling and Hrouda, 1993).

As discussed before, AMS in most rock-forming minerals is mostly due to shape
anisotropy (e.g. magnetite), and / or magnetocrystalline anisotropy. Two factors de-
termine the magnitude of the magnetic anisotropy: the anisotropy of the particles them-
selves and the degree of their alignment. The anisotropy of the individual particles is
controlled by crystalline, stress, and shape anisotropy. It must be emphasized here again
that no one method of measurement is capable of resolving the contributions of shape
anisotropy and magnetocrystalline anisotropy to AMS. Furthermore, the magnitude of
shape anisotropy of a ferrimagnetic grain can differ radically depending on whether the

contributor is multi-domain or single-domain. Additionally, a potentially significant fac-
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tor is the effect of magnetic particle distribution on anisotropy; non-uniform distribution
of interacting ferrimagnetic grains may also result in the magnetic anisotropy(Hargraves
et al., 1991; Stephenson, 1994). All of these factors contribute to the complexity of mag-
netic fabric interpretation. Thus, extreme care in the analysis of rocks is needed before

interpreting magnetic anisotropy, magnetic fabric, and the relating these to rock fabric.

2.3 Summary of characteristics
As a summary for characteristics of the samples:

1. olivine is the most major one among all minerals in the samples from Pindos and
Vourinos Ophiolite. Fosterite weight percentage of most samples is more than 60 %

in most samples.

2. Enstatite is not in component of every sample, and its percentage generally ranges

from 0.6 % to 22.7 % . It appears to exist only in 6 samples of the 10 studies.

3. There is a obvious relationship between serpentinization and density. With the

increasing serpentine volume percentage, the density of sample decreases.

4. The porosity and its related parameter permeability are surprisingly low in these
rocks, typically porosities are less than 2 % and permeability less than < 1072!m?

at room temperature and pressure.

5. The existence of magnetite was proven by thermomagnetic analysis and isother-
mal remanent magnetization experiments. Magnetite shows much higher magnetic
susceptibility than other paramagnetic minerals, even in a small amount. That is,
magnetite appears to be one of the component carriers of magnetization in these

rock samples.
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Chapter 3

Elastic-wave velocity and anisotropy

The intrinsic elastic rock properties are important information in seismic interpretation
and modeling for providing an indication of the underlying symmetry; and; here tex-
ture of the rock. As well, the elastic constants indicate the degree of anisotropy of the
rocks which can be on the order of 10 % or more. Velocity anisotropy is essentially re-
lated to the elastic properties of materials. Despite this importance of this relationship in
Geophysics, there have been remarkably few measurements of rock velocity anisotropy
or determinations of the elastic constants carried out on rocks. The important goal here
of the laboratory experiments is anisotropy determination and estimation of the rock’s
complex elastic behavior. In principal the stiffness tensor can be determined directly
by applying normal and shear stress to the sample and observing the strains produced.
However, it is often simpler to determine those same properties indirectly by measuring
the elastic wave velocities and densities of the material. Based on accurate laboratory
measurements, it is possible to calculate the elastic constants.

Ideally, a seismic experiment would reveal to us both geologic structure and lithology.
The latter can be, in part, provided from knowledge of the in situ material properties. In
order to obtain these physical properties from the seismic measurements, it is imperative
to understand how the elastic properties of rocks can be affected by their mineralogy,
content, structure, saturation, stress, and texture. It is equally important to know how
seismic responses at ~100 Hz can be correlated with laboratory measurements at 105 Hz,

considering the large gap between the two in terms of frequency and scale.
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3.1 Introduction

The use of elastic wave velocity to determine velocity anisotropy and elastic coefficients
has been popular in laboratory experiments for the last few decades (Pros and Babuska,
1967; Van Buskirk et al., 1986; Cheadle et al., 1991; Johnston and Christensen, 1995; Mah and
Schmitt, 2001, 2003; Cholach et al., 2005). The methods of experimental determination of
the elastic coefficients of anisotropic materials were reviewed extensively by Mah and
Schmitt (2001, 2003). In early studies of anisotropy, many of the materials investigated
were of simple structure (e.g. highly symmetric cubic or hexagonal) with a simple elas-
ticity requiring only a few measurements. One of the earlier attempts at determining the
anisotropy of a material was by Markham (1957) who determined the elastic constants
of various metals of cubic and hexagonal crystal symmetry through the use of the pulse
transmission method. Simply, in the pulse transmission method the travel time of a dis-
turbance transmitted through a known thickness of the sample is measured in order to
provide the velocity. In an early study on rock, Kaarsberg (1959) found that velocities
both parallel and perpendicular to the bedding increase with increasing density in shale.
Johnston and Christensen (1995) applied the pulse transmission technique to cores of shale
with the pulse being applied at various angles to the axis of symmetry. The phenomenon
of shear wave splitting was observed and phase velocities were measured. Through the
use of phase velocity measurements, the elastic constants of the rocks were determined.
Similarly, Vernik and Nur (1992); Hornby (1996) measured P-wave and S-wave velocities
of cores cut parallel, perpendicular, and at 45 degrees to the bedding surface and deter-
mined the elastic constants of rock at pressure.

Many authors have provided theoretical reviews of elastic wave propagation in var-
ious mediums; some of the better-known references include Auld (1990) and Musgrave
(1970). Here, we only give a general description that begins and builds from isotropy.
In an isotropic medium the P-wave and S-wave particle motions are purely longitudinal
and transverse, respectively, to the direction that the wave propagates. In this ideal case,
the P- and the S-wave velocities are not dependent on direction. The S-wave polarization
(i.e. direction of particle motion) can be in any direction normal to the wave propagation

direction; and consequently, no shear splitting is allowed.
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In reality, the mineral crystals usually have a degree of symmetry. Common crys-
tal symmetry system includes cubic, hexagonal, orthorhombic, monoclinic, and triclinic
symmetry, which are all anisotropic media. In optical mineralogy, the rock-forming ma-
terials of these systems except for cubic are generally optically anisotropic; that is, the
velocity of light is different in different directions in these materials. The different crystal
systems can be differentiated in terms of axes, planes, or centers of symmetry. In seismic
studies once a material is anisotropic, however, the waves through these materials are
referred to as "quasi-P” waves or "quasi-S” waves, because of additional complications
with regards to the relationship between directions of the particle polarization and the
wave propagation. Two distinct shear waves will, generally, propagate in nearly all di-
rections. The polarizations of these two shear waves will cause differences in their time
of arrival. This birefringent phenomenon is commonly known in the geophysical com-
munity as shear wave splitting (SWS). The optical birefringence of calcite is perhaps the
best analogy to this variation of S wave speeds in a given direction.

For the rocks in the deeper crust and upper mantle, the high-pressure velocity anisotropy
and shear-wave splitting are thought to be caused by the LPO of minerals (Kern, 1993).
At lower pressure, the alignment of microcracks can also contribute to the anisotropy. At
greater confining pressure these cracks close (Birch, 1960, 1961; Christensen, 1965, 1966a; Ji
and Salisbury, 1993a; Ji et al., 1993b), the bulk of these cracks often close at pressure below
100 MPa.

In this chapter, I will first present a simple review of elasticity theory and its linkages
to velocities; and then, a detailed study is presented on the ultrasonic properties of the
ophiolite samples. I will show laboratory measurements on samples from the Pindos and
the Vourinos ophiolites (Greece) to see how the serpentinization affects seismic velocity

and anisotropy.

3.2 Brief review of elasticity theory

The fundamental relationships between elasticity and anisotropy have been comprehen-
sively described by Fedorov (1968); Musgrave (1970); Auld (1990) to name a few. The fol-

lowing is only a brief summary. The main purpose of this section is to highlight the differ-
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Table 3.1: The cyclical recipe for transformation from full to Voigt notation
indice ij,kl 11 22 33 230r32 3lorl13 12o0r21
indice mn 1 2 3 4 5 6

ence between P- and S-wave velocities and the material’s elastic properties. The quantita-
tive measurement of such velocities and density consequently yield the elastic properties
directly. The characteristics of elastic wave velocities including anisotropies reveal a large
amount of intrinsic information of rocks, which implies that the anisotropies of wave ve-
locities are closely related to rock composition, texture, and lattice-preferred orientation.
Knowledge of the elastic properties are perhaps more useful than the velocities in that
they directly reveal the material’s symmetry and texture.

For an anisotropic medium, the generalized Hooke’s law completely describes the
stress-strain relationship, where the Einstein summation convention! will be used in
(Eq.3.1):

Oij = CijkIEkI (3.1)

Where 0;; and €y, are the second order stress and strain tensors, respectively (Musgrave,
1970); ¢ is the forth rank elasticity tensor whose components are the elastic stiffnesses
which we take here to be constants.

The elasticity tensor c;;i; fully describes the elastic properties of anisotropic crystals
or solids. Since the elasticity tensor c;ji; has 4 indices, each of which goes from 1 to 3,
the elasticity tensor has 3% = 81 elements. The symmetries in the stress and strain ten-
sors reduces the 81 elements of the components of stiffness ¢;;; to only 36 independent
elements. Then, consideration of the thermodynamics principles that the internal energy
of a material can only increase during a compression further reduces c;;x; from 36 to 21
independent elastic stiffnesses (Musgrave, 1970).

The symmetry of the tensor of elasticity allowed Voigt to introduce a simpler matrix
notation (Nye, 1957) that is commonly used in the geophysical literature where the four

indices ijkl maybe replaced by two indices mn. The stiffness tensor for the sake of con-

!Einstein summation convention is a way of dealing with tensors in a compact and consistent way. The
idea here is to use indices to describe a generic element and apply tensor algebra. The convention is simply
that any repeated subscript (or indice) in an expression is a shorthand for summation over all the possible
indices. This is better shown by an example in which X;Y; is taken to mean X1Y1 + X2Y2 + Z3Z;.
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venience is written as a second-order symmetric Voigt matrix (Nye, 1957; Musgrave, 1970;
Thomsen, 1986; Winterstein, 1990) in (Eq.3.2):

Cijkl = Cmn(i,j, kll = 1,2,3;m,n =1, -'-76) (3'2)

According to the rule (Vestrum, 1994), the stiffness tensor c;;x; can be transformed to
Crmn in Eq.3.2:
K if i=j;
m={ S i ¢
k, ifk=I;
"={ 90— (k+1), ifkel. 3.4)
Or, according to the cyclical recipe (Table 3.1):
This allows the generalized Hooke’s Law to be simplified from Eq.3.1 to a simple

matrix and vector equation:

Om = CmnEn, (3-5)

Where 0., and ¢, are 6x 1 vectors containing the six independent components of the
stress and the strain tensors, respectively. The stiffness tensor c;;x can be represented as
a symmetric 6x6 matrix Cp,, with 21 independent components.

For example, C1133 become C)3 and C323 or C1332 become Csy. Explicitly, this may be

written:
o1 Cn Ci2 Ciz3 Cuy Ci5 Ci €1
a2 Ca1 Cp Coz Cy Cos Cop €2
o3 | _| Ca1 Cs2 Csz Cas Css Csg €3 3.6)
o4 Cin Cip Ciz Cy Cys Cue €4 )
o5 Cs1 Cs2 Csz Csa Css Cse €5
o6 Ce1 Co2 Coez Cos Css Ces €6

Furthermore in this scheme, €4 = 293,65 = 2¢13, and g = 2¢12. Each C,;, is one
of the components of a 6x6 symmetric matrix that can only have 21 independent stiff-
nesses. However, all 21 are required for the most general triclinic case in which there
is no symmetry. It is useful to examine briefly how the elastic tensor Ciy,, appears with
increasing symmetry.

The components below the diagonal are the same because the matrix in Eq.3.6 is sym-

metric about the diagonal. The number of independent elastic constants depends on the
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3.2. BRIEF REVIEW OF ELASTICITY THEORY

Table 3.2: Symmetries and the number of elastic constants required

Elasticstif fness Isotropic  Cubic Hezagonal Orthorhombic Monoclinic Triclinic

Ci1 A+2u Cht Cn Cn Cn Cu
C22 A+2u SameasCiy SameasChy Ca2 C22 Ca22
Csa A+2u SameasChy Cas Cas Caa Cas
Caa n Ciu Caa Caa Caa Cas
Css u Sameas Cyqa Sameas Caq Css Css Css
Ces o Sameas Cyq Ces Ces Ces Ceo
Ci2 A Ci2 Ch —2Cgs Ciz2 Cra Ci2
Cia A Sameas Cyq Cis Cis Cu Cis
Cas A Sameas Ci2 SameasCia Caa Caa Cas
Ciq 0 0 0 0 0 Cia
Cis 0 0 0 0 Cis Cis
Cis 0 0 0 0 0 Cie
Ca4 0 0 0 0 0 Caa
Cas 0 0 0 0 Cas Cas
Cas 0 0 0 0 0 C26
034 0 0 0 0 0 C:M
Css 0 0 0 0 Cas Css
Csg 0 0 0 0 0 Cas
Cas 0 0 0 0 0 Cas
Cas 0 0 0 0 Cae Cus
Cse 0 0 0 0 0 Cse

elastic symmetry of the medium. The number of independent elastic constants required
with the different symmetries is given in Table 3.2.

We need two independent constants (A and p) for isotropic symmetry (Eq.3.7). Ex-
plicitly in an isotropic medium the coefficients will be C;; = Co2 = Caz = A + 2y,
Cay=Cs5=Ces =p,and C12=Cy =C13=C3=C3 =Cx = X

A+2 A A 00 0
A A+2 A 00 0
3 A A A+22 00 0
€= 0 0 0 £ 00 B7)
0 0 0 0 p 0
0 0 0 00 p

In a cubic medium the coefficients (Eq.3.8) will be Cyy = Ca = C33, C4a = Cs5 = Cés,
and Cjg = Cp1 = C)3 = C31 = Cy3 = Csa. Although the cubic matrix looks very sim-
ilar to the isotropic one, materials of cubic symmetry require 3 completely independent
constants (Musgrave, 1970). It is worth reiterating that while a cubic solid, such as halite,

will be optically isotropic; it is elastically anisotropic and halite crystal will have different
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3.2. BRIEF REVIEW OF ELASTICITY THEORY

velocities in different directions.

[C]= (3.8)

o oo o R
OO o T 8 o
cCoOoOoR oo
oo 0 OO0 O
[>T+ B = B = B o i o ]
0O 000 O OO

In the hexagonal (TI) medium (Eq.3.9, z = (a — b)/2) the independent elastic coeffi-
cients will be C1y = Ca2, Ca3, Csq = Css, Ces = (C11 — C12)/2, C1a = Ca1 = Ca3 = Cao.

For this case, 5 independent constants are required (Musgrave, 1970).

0

[C]= 39)

SO OoO 0 o
oo n 8 o
CODOR OO
oo OO O
(=T I e i e I e

8 oOoCcooCo

In the orthorhombic medium (Eq.3.10) all nine elastic coefficients are independent.
The 3 mutually orthogonal planes of symmetry and 9 independent non-zero elastic con-
stants characterize orthorhombic symmetry (Musgrave, 1970). This form is general for all

the space groups with orthorhombic symmetry.

a bc 000

bde 000

| cef000
1= 000 g¢g 00 (3.10)

000O0OAKLDO

000O0O0 ¢

The number of elastic constants required for some of the other classes of crystal sym-
metry is also listed in Table 3.2. However, of greatest relevance to studies of seismic
anisotropy in rocks is the isotropic, hexagonal (TI) and orthorhombic systems. Isotropy,
for example, represents a rock in which all the structural features are randomly oriented.
Transverse isotropy is often found in layered sedimentary rocks. Finally, orthorhombic
symmetry can be generated by mineralogic orientation in foliated and lineated metamor-
phic rocks. One can envisage rocks of even lower symmetry by introducing families of

oriented microcracks in a rock mass that is intrinsically orthorhombic.
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3.2. BRIEF REVIEW OF ELASTICITY THEORY

Table 3.3: Elastic stiffnesses of minerals at room pressure and temperature
Ci;(GPa)
Mineral Ch1 C22 Cs3 Cas Css Cee Ci2 Ciz Cra Caz Cis Ca25 Cas Cag
Forsterite 328 200 235 66.781.3809 69 69 0 73 0 0 0 O
Enstatite 225 178 214 77.675981.6724541 0 527 0 0 0 O
Augite 182 151 218 69.751.155.873.472.4 0 33.919.916.6 24.6 4.3
Hornblende 116 160 192 57.4 31.8 36.844.9614 0 655 43 -25 10 -6.2
Brucite 157 157 46.321.721.756.344.4 12 02 12 - - 0 -
Lizardite - - - - - - - - - - - - - -
Clinochlore - - - - - -~ - - - -« - - - =
Clinochrysotile - - - - - - - - - -
Magnetite 275 275 275 955955955104 104 0 104 0 0 O O

Table 3.4: Density, symmetry, and chemical formula of minerals present in the samples

Density
Mineral Symmetry Formula (Mg/m®)
Forsterite Ortho. (Mg, Fe)25i0, 3.221
Enstatite Ortho. (Mg, Fe)SiO; 3.198
Augite Mono. (Ca, Mg, Fe)2(Si, Al)20¢ 3.32
Hornblende Mono. Caa(Mg, Fe, Al)s(Si, Al)sO2:(OH)2 3.12
Brucite Rhombo. Mg(OH)2 2.38
Lizardite Hexa. Mg3Si;,05(0OH )4 25
Clinochlore Tri. (Mg, Al)e(Si, Al)4010(OH)s 27
Clinochrysotile Mono. Mg3Si205(0OH)a 2,55
Magnetite Cubic Fe304 5.206

Again, in contrast to the previous cases, if no symmetry is present the material is

treated as triclinic (Eq.3.11), which is characterized by 21 independent elastic constants

(Musgrave, 1970):
a b c d e f
b g h i j k
c h Il mno
[C] = dimpaqr (3.11)
e j n q s t
fk o r t u

The single-crystal elastic stiffness, chemical formula and density of the minerals re-
lated to this study are listed in Table 3.3 and 3.4 (Bass, 1995; Nickel and Nichols, 1991).
We can compare our laboratory and calculated results with these published results. Un-
fortunately, there is no published information available on elastic stiffness of serpentine
minerals to our knowledge. This is primarily due to the difficulties in obtaining crystals

of sufficient size to carry out meaningful measurements.
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STIFFNESS

3.3 Relationship between anisotropic velocities and elastic stiff-
ness

Elastic moduli are not observed directly; they must be indirectly determined either by
static stress-strain tests or by measuring velocities in different directions through the ma-
terial. In this section, an overview of the mathematical basis is observed for connecting
observed velocities and densities to elastic moduli. The section ends by outlining the
simple relationships between the elastic moduli and velocities measured using the sym-
metry axes of an orthorhombic material, as one example.

The equations of motion in terms of the components of the displacement u; using

Einstein’s indexing notation may be written as (Helbig, 1994):
Pili = 0ijj = CijkiERLj = CijkIUk ] 3.12)

Where p is the mass density, u; is the ith component of the displacement, and sub-
scripts after the coma indicate differentiation with respect to the corresponding direction.
The wave equation (3.12) establishes a relation between the second temporal derivative
of a displacement function u and its second spatial derivatives. With the assumption of

the plane wave, the wave equation in anisotropic medium can be written:
(cijutPiBs — Sirov®)ar = 0 (3.13)

Here f; is a unit vector in the direction of the wave normal, v is the phase velocity
of an elastic wave propagating in the direction of 3;, d;x; is the Kronecker delta. Elastic
wave velocities can be calculated from the well-known elastic constants by solving the
so-called Christoffel Equation (e.g. Musgrave, 1970). Under the plane wave assumption,
these phase velocities (i.e. one quasi-P and 2 quasi-S velocities) can be obtained by solv-

ing the characteristic equation (3.13) which is:
det(cijuBiB; — Sirpr®) =0 (3.14)
Equation (3.14) is commonly given in the form of Christoffel’s characteristic equation:

det(Tix — Gipr?) =0 (3.15)
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Figure 3.1: The method of mutually orthogonal plugs for measuring velocity and
anisotropy (modified after Cholach et al. (2005)). The first subscript represents the di-
rection of wave propagation while the second subscript represents the direction of the
wave’s particle displacement or polarization direction.

The matrix T';;, is called the “"Kelvin-Christoffel matrix” .
cijktPiB; = Lik (3.16)

An eigenvalue solution of equation (3.15) for any slowness direction n yields three
positive values of the squared phase velocity v?, which correspond to the speeds of the
P-wave and two S-waves. The corresponding eigenvalues of this solution are the three
polarization directions available. Determination of the elastic stiffness from the ultra-
sonic phase velocity measurement has been discussed and reviewed by previous authors
(Cheadle et al., 1991; Mah, 1999; Mah and Schmitt, 2003; Cholach et al., 2005).

The phase velocities are associated with the propagation of a hypothetical plane wave.

Generating plane waves in the real world is impossible, although at a suitable distance
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ANISOTROPY

from a seismic source the plane wave approximation is acceptable. Quite often, velocities
are only measured in directions parallel to the symmetry axes of a material. The inde-
pendent off-diagonal elastic stiffness cannot be determined given that only the values of
velocities measured along the symmetry axes are determined. However, within planes
of symmetry and along principal axes, the wave behavior and the formula linking veloc-
ities to elastic constants are often simple. Some assessment of the sample symmetry can
be made by examination of the diagonal stiffness determined in the measurements.
Consequently, the elastic constants can be derived from phase velocity measurements
using different formulae depending on the type of symmetry. Here, only the formulae
for orthorhombic symmetry are given following Cholach et al. (2005). It is useful to refer to
Figure 3.1. The P-waves along the X, Y and Z-axes are designated by XX, YY and ZZ by
propagation and polarization, respectively. For example, XX signifies X propagation and
X polarization direction. The two shear waves propagating in the Y direction have X and
Z direction polarizations and are denoted by YX and YZ, respectively. Those propagating
in the Z direction will have polarizations of ZX and ZY, see Figure 3.1. As such only six
of the nine existing elastic constants may be determined by measurements taken along
the symmetry axes of orthorhombic materials (equation 3.17) . Orthorhombic symmetry
is expected to be the most complex intrinsic in a rock and the two cases of isotropic and
transversely isotropic may be deduced from the relations for measurements along they

symmetry axes of an orthorhombic medium are (Cholach, 2005):

Cn = pV2,Cop = pV2

yy’ C33 = pvz2:7044 = p‘/y2z?055 = pVx227CGG = pV1:2

2 (3.17)

We further note that Song et al. (2004) have attempted to obtain all 5 independent
elastic constants for a transversely isotropic materials from four measurements. How-
ever, this can only be accomplished under a series of restrictive assumptions about the

nature of anisotropy in such media.

3.4 Laboratory measurement of elastic-wave velocity and anisotropy

This study describes a set of ultrasonic laboratory techniques to measure and calculate
“the P- and S-wave velocity and anisotropy. The relationship between wave velocities and

anisotropy and their directional dependence with confining pressure are given. In this
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Table 3.5: The length, mass, and orientation of samples
Plugs oriented to foliation

Sample Parallel  Perpendicular Mass (g) Length (mm)
P03-1 P03-1,P03-1B° P03-1B  49.96/67.17/98.28 31.40/42.20/98.28
P04-2 P04-2 P04-2B 62.56/54.17 43.84/38.09
P0o8-3 P08-3B P08-3 72.19/94.40 47.84/62.07
P11-1 P11-1 P11-1B 90.40/82.53 55.99/50.64
P12-1 Pi2-1 P12-1B 46.01/94.29 28.62/58.96
P13-1 P13-1 P13-1B 55.25/41.60 42.71/32.33
P13-2 P13-2 P13-2B 58.28/74.15 45.54/57.04
P16-3 P16-3B P16-3 91.89/106.20 65.40/76.97
P 08-4 P08-4 88.74 58.00
Vv 03-7 V03-7 72.36 49.31

Vv 03-11 V03-11 93.53 63.20

particular study, the P- and S-wave velocities exhibit a weak anisotropy caused primarily

by the lattice preferred orientation (LPO) of the minerals in the sample.

3.4.1 Sample preparation

The samples were acquired to be used in high pressure and temperature rheological stud-
ies by Dr. J. Escartin of Institute de Physique du Globe, Paris, France. The selected sam-
ples are more olivine rich than conventional peridotites so that the rheological studies
can be made on a relatively simple rocks (i.e. mostly olivine and serpentine family min-
erals). The core plugs were extracted at mutually orthogonal directions, as illustrated in
Figure 3.1, along one or two of the three axes of symmetry, as allowed by the hand sam-
ple dimensions. In this study, the cores were drilled parallel or perpendicular to visible
textural features, as the specimen allowed.

The diamond-cut cylindrical cores were 2.54 cm in diameter with lengths ranging
from 3.0 to 6.0 cm. Where each specimen allowed, one core was cut perpendicular to the
foliation plane and at least one other sample was cut parallel to the foliation plane. In
cases where there is a visible lineation direction, two cores parallel and perpendicular
to the lineation direction were cut within the foliation plane. Samples are prepared by
grinding both faces flat to within 0.0lmm and parallel to within 0.1mm. After cutting
and flattening, the cores are dried in an oven for about 6 hours at a temperature of 80°C
at room pressure. The mass, length, and orientation of all samples are listed in Table 3.5.

The piezoelectric ceramics (2.54 cm diameter, 1-MHz frequency, P-wave transducers
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or 18 x 18 mm size, 1-MHz frequency, S-wave transducers) were placed at both ends
of the cores for the P- and S-wave measurements, respectively. To be clear, each sample
needed to be prepared three times: once with the P-wave transducer and twice with
the two S-wave transducers at orthogonal orientations. An attempt to employ stacked
piezoelectric ceramics in order that all the tests could simultaneously be conducted failed.

Five-minute epoxy is used to bond the transducer to the sample. The S-wave ceram-
ics provide a mechanical pulse polarized parallel to the ends of the samples and care
need to be taken to ensure that the polarization directions of both transverse mode ce-
ramics were properly aligned to each other and appropriately oriented with respect to
the rock’s principal textural X, Y, and Z axes. The attached ceramic transducers and rock
sample were then hermetically sealed to exclude the pressure vessel fluid from the rock
and this assemblage was placed in the pressure vessel. A state of hydrostatic confining
stress is achieved by increasing vessel pressure; the pressure medium is hydraulic oil. All
experiments were conducted at ambient room temperature (~ 25°C to ~ 27°C).

Because of the small size of the outcrop specimens, only P 03-1 was large enough to
allow 3 cores to be cut, two of which were cut parallel in order to check heterogeneity. In
most of other rock samples, only a perpendicular pair of core could be drilled, excluding
samples P 08-4, V 03-7, and V 03-11 where the outcrop sample size allowed only one core

to be cut, and hence no estimate of the anisotropy can be made.

3.4.2 Experiment and Measurement

The laboratory velocity measurements were carried out using the ultrasonic pulse trans-
mission technique (e.g. Birch, 1961; Kern, 1982). In our implementation a high voltage
(200 V) rapid rise-time (~8 ns) step-pulse from a generator (Model 5800, PANAMET-
RICS) activates the mechanical vibrations in the source piezoelectric transducer. These
mechanical vibrations travel through the rock sample and are received at the end by the
receiving piezoelectric transducer that transforms the mechanical vibrations back into
electrical signals. A digital oscilloscope used in the experiment receives two signals: the
trigger signal from the pulse generator to synchronize the oscilloscope with the initiation
of the pulse, and a delayed signal that travels through the rock sample to the receiving

transducer.
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A conventional pulse transmission technique (Molyneux and Schmitt, 1999, 2000) was
used to obtain P- and S-wave velocities using longitudinally and transversely polarized
piezoelectric ceramics, respectively. The Rock Physics Laboratory has developed a Ve-
locity Anisotropy Measurement System that can make high-resolution measurements of
many velocity components over a complete volume of rock cores. There are a number of
high speed digital oscilloscopes (GaGe, Model No. 400-586-203) that are used primarily
in ultrasonic measurements of P-wave and S-wave speeds with material under pressures
as great as 300 MPa and at different temperatures. The transmitting piezoelectric ceramic
was activated by a fast rise-time high voltage pulse, which generated an appropriate me-
chanical wave. Transmission through the serpentinite is generally strong and as such no
amplification was employed. The signals received by the oscilloscope are recorded in a
computer. Then, the Matlab programs are developed to pick the travel time. In prac-
tice, we choose the first peak or trough to pick the first arrival. This provides a good
estimation of the travel time because the waveform may evolve due to attenuation.

Seismic velocities are usually measured from three mutually perpendicular directions
in each sample, although this does not constitute a complete set of data for determination
of all the elastic constants, as noted previously. For the rocks in which both a foliation and
a lineation are developed, their directions are aligned to all X, Y and Z-axes of the tectonic
framework with X - parallel to the stretching lineation, Y - perpendicular to the lineation
and parallel to the foliation, and Z - normal to the foliation (Figure 3.1). If the sample is
foliated but not obviously lineated, both X and Y directions are arbitrarily aligned in the
foliation plane.

In this study, the P- and S-wave velocities of rock samples are measured using the
pulse transmission technique (instrument setup shown in Figure 3.2). Transmitting and
receiving transducers were mounted at the opposing ends of the cylindrical samples. P-
wave and two S-wave measurements were made on all the cores in longitudinal mode.
One or two sets of sample could be used for each run. Each sample requires 1 P-wave
and at least two orthogonally oriented S-wave runs. In each run, waveforms are acquired
over the range of confining pressure from 0 to 300 MPa with an interval of 5 MPa and
then back from 300 MPa to 0 MPa at the same pressure interval. Pressure is applied, not

so much to mimic in situ conditions, but to close as many of the microcracks in the rocks
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Figure 3.2: Schematic showing acoustic experiment setup, modified after Molyneux and
Schmitt (1999).

as possible in order that the velocities are representative of the intrinsic mineralogical
texture of the sample.

The time difference between the two signals received by the oscilloscope is the time
that it takes the signal to travel through the electrical leads as well as through the sample
itself. The electrical delay can be eliminated according to laboratory measurement and
calculation. The velocity of the sample is calculated from its length and travel time of the
signal after correcting for the delay time.

L
—tT—tD

(3.18)

Where: V is P-wave or S-wave velocity; L is the length of the sample; tr is the travel
time of signal; ¢p is the delay time.

A good deal of efforts goes into the core sample sealing. Despite our best efforts,
occasionally hydraulic oil does penetrate the sample. If this occurs then testing is imme-
diately stopped. Part of our quality control effort is to carefully examine each sample for

leakage after testing. If leakage is detected, then the sample is cleaned and the process is
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repeated again until satisfactory results are achieved and no leakage is detected.

3.4.3 Error analysis

Using a method similar to that described by Yin (1992), the absolute errors in the mea-

surement may be analyzed by the partial differentiation from the equation (3.18):

oV v oV
AV = 5PAL+ pAlp + 5Oy (3.19)

And the absolute error can be evaluated as

Atp Atp
(tr —tp)? (tr —tp)?

Where Aty and Atp are taken to be the oscilloscope’s time resolution of 125 million

1
tr—tp

AV = AL +L (3.20)

samples per second (i.e., 8 ns per sample), and AL is the absolute error in sample length
measurement. To estimate errors we considered a typical sample length of 30 mm mea-
sured with a precision 0.01 mm by the electronic digital caliper over the flattened faces;
AL canbe less than 0.1 mm. Since tr —tp is in the range from 4.3 to 11 us and is typically
near 7 ps for P waves in these experiments, the typical P wave velocity error calculated
by the above equation is + 24 m/s. This corresponds to a relative error in the velocity
estimation of approximately 0.4 % for a P-wave propagating at a velocity near 6000 m/s.
Similarly, for the S-waves, t7 — tp is in the range from 8 to 20 us and typically near 14 us,
thus, the maximum absolute error AV will be 10 m/s in the case of others are as same as
before. This corresponds to a relative error in the velocity estimation of approximately

0.3 % for a S-wave propagating at a velocity near 3500 m/s.

3.5 Results and Discussion

In this study, P- and S-wave velocities have been measured 3 times on each of the 20
cores taking from 11 hand samples, requiring over 60 individual runs were made with
the pressure vessel. The results from one S-wave run consisting of 79 traces (i.e. the im-
age of amplitude with time at different pressures) highlights the well-known decrease
in pulse transit times and the increment in amplitude with increasing confining pressure

(Figure 3.3). Figure 3.4 is a graph of a S-wave pulse train taken from one of the waveforms
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Figure 3.3: Waveform trace during one pressure cycle. Color bar corresponds to wave-
form amplitude (P 11-1)

imaged in Figure 3.3. The pulse first extremum (here a negative polarity) was used to de-
termine the transit time and in Figure 3.4 this is the first trough. The S-wave waveforms
acquired in a complete pressure cycle are shown in Figure 3.5. An example of the veloc-
ities and anisotropy measurements during both pressurization and depressurization is

shown in Figure 3.6 for sample P 12-1.

3.5.1 Compressional wave results

Compressional wave results for 11 samples from Pindos and Vourinos Ophiolites (Greece)
are presented with respect to confining pressures from 0 to 300 MPa. As a first observa-
tion, it is noteworthy to mention that the values and slopes of velocities measured as
pressure increases and decreases are similar because of the low porosity of the samples
(Figure 3.6). Generally speaking, velocities measured as pressure is first increased tend to
be lower than those measured during depressurization. This is attributed to the closure
of microcracks at high pressure that do not completely reopen during depressurization

(Birch, 1960). All velocities reported were measured while increasing pressure in Table
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Figure 3.4: An example of typical shear wave trace from Figure 2.4
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Figure 3.5: Acquired S-wave waveforms using pulse transmission method (sample P11-1,
ZY plane).
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Figure 3.6: Measurements of velocities and anisotropy (P 12-1). Top: Velocities as pres-

sure increases. Bottom: Velocities as pressure decreases
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3.6. The velocity vs. pressure curves for all samples display an initial non-linear increase
in velocity at low pressures followed by a more gradual linear increase at high pressures.
This characteristic curve has been attributed to closure of microcracks in the samples with
increasing pressure to 100 MPa, above which the rocks can be considered as compacted
aggregates (Birch, 1960; Christensen, 1965). In general, however, it must be noted that
the rocks currently under study initially display highly linear velocity versus pressure
behavior that begins even at pressures below 50 MPa. This is usually not the case for
igneous or metamorphic rocks that contain microcracks, and these observations provide
further evidence that the microcrack porosity in these samples is small.

Based on the whole rock analysis in Chapter 2, Forsterite is the major part of the sam-
ples (Talc existing in P11-1, P08-3, P08-4 without the estimation of weight percentage by
this method; Brucite existing in P13-1 and P13-2, weight percentage 10.2 % and 10.3 %,
respectively). The degree of serpentinization of the samples has been estimated by mass
density measurement, using the linear relationship between density and serpentinization
established by Christensen (1966b, 1972). Basically, high mass density corresponds to low
serpentinization because of low-density feature of serpentine minerals. A comparison
between sample P 03-1, which has only a low serpentinization (density 3.19 g/cm?; ser-
pentine ratio 13.6 %), and sample P 13-2 in Figure 3.7, which is highly serpentinized (den-
sity 2.6 g/em3; serpentine ratio 87.9 %), suggests that degree to which velocity increases
with pressure is initially related to the rock microstructure and mineralogy. Samples with
low serpentinization exhibit more a pronounced rise in velocity, P-wave anisotropy, and
%YPE slope than the highly serpentinized samples at pressures less than 50 MPa.

Above 50 MPa the velocity-pressure relationship can be described by the linear equa-
tion:

Vp = (V)o + P(dV;/dP) (3.21)

Where (V})o is the projected zero pressure velocity and %‘—/PE is the high-pressure slope.
(Vp)o and %‘—/ﬁ for each sample are given in Table 3.6, with average %/.!’- varying from 4 to
9 x 10~*km/s/M Pa.

The average P-wave velocity, which is equal to [Vyy + V2z]/2 in this study (for these
samples that allowed for multiple measurements), is shown as a function of pressure in

Figure 3.8. With increasing pressure, all the P-wave velocities rapidly rise in the low-
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Figure 3.7: P-wave velocities vs. pressures in Z, and Y directions through sample P 13-2
and P 03-1

pressure range (less than 100 MPa) due to closure of most of the microcracks; then, at
higher pressures the increment of velocity tends to be slower. In general, V;,(22) < Vp(yy);
the sample P 08-3 and P16-3 show the reverse relationships between first and second
sample P-wave velocity measurement by the reason of sampling orientation. A general
trend of decreasing velocity with decreasing density is apparent in Figure 3.9.

The densities were determined at room pressure because the effect of pressure on den-
sity is small for such low-porosity samples (< 2%). Figure 3.8 also illustrates the variation
of the mean P-wave velocity among the samples. Density is the major influence because
of the relatively low level of anisotropy and the heterogeneity of the samples. Although
the average P-wave velocity generally increases with density, the velocity anisotropy or
the heterogeneity of some samples may still gives rise to considerable velocity scatter
in the P-wave velocity-density relationship. This may in part be due to differences in
composition as outlined in Chapter2.

The coefficient of anisotropy was defined by Birch (1961) as:

A= 100%(Vma1: - min)/Vmean (3-22)
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Figure 3.8: Mean P-wave velocities as a function of pressure at room temperature; aver-
age density following the sample name.

In many samples, A varies with pressure and density. The general relationship be-
tween density and P-wave anisotropy can be shown in the Figure 3.10. The P-wave
anisotropy increases roughly with increasing density, except for the sample P11-1 due
to its randomly aligned grain texture (see its thin section Figure A.5 in Appendix). This
suggests that the serpentinization decreases the anisotropy in the material studied here.

In general, two patterns have been observed in the relationships between pressure
and P-wave anisotropy (Figure 3.11):

Patternl): the anisotropy for 2 samples (P 12-1 and P03-1, both low serpentinization)
increases rapidly with increasing pressure in the low-pressure domain (< 50 MPa), and

then decreases in the high-pressure domain (Figure 3.11). This variation can be attributed
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to the rapid closure of oriented cracks at low pressure that oppose the LPO anisotropy
(Ji and Salisbury, 1993a; Ji et al., 1993b); and Pattern2): the anisotropy for 5 samples (P04-
2, P08-3, P13-2, P11-1 and P16-3) decreases with increasing pressure in the low-pressure
domain (< 50 MPa), and then increases slightly in the high-pressure domain (Figure
3.11). These samples are mostly quasi-isotropic and highly serpentinized. The relation-
ship between Vp anisotropy and confining pressure can be attributed to the closure of the
oriented microcracks, which reinforce the anisotropy due to the lattice-preferred orienta-
tion (LPO) of rock-forming mineral. The slight increase of Vp anisotropy with increasing
pressure probably results from differences in the pressure sensitivity of Vp in the X, Y

and Z directions.

3.5.2 Shear wave results

Table 3.7 lists the measured shear-wave velocities for 11 samples from Pindos and Vouri-
nos Ophiolites (Greece) as a function of pressure, propagation direction and polarization
direction. The velocities were measured during pressurization. In general, velocities
measured during pressurization tend to be lower than those observed during depressur-
ization in our pressure range.

As with the P-wave velocities, many of the samples display a rapid, non-linear in-
crease in Vs (< 50 MPa) that evolves to a slower linear increase at higher pressure (Fig-
ure 3.12). This character has been attributed to closure of microcracks in the samples
at low pressures (e.g. Birch, 1960). The rocks can be considered as a compact aggregate
(Christensen, 1965) and the velocity-pressure relationship can be described by the linear

equation in the high-pressure range:

Vs = (Vo)o + P(dV,/dP) (3.23)

Where (V;)o is the projected zero-pressure velocity (in km/s), and 4% is the high-
pressure slope; (V;)o and 2% for each sample are given in Table 3.7, with average %‘—fg
varying from 2 to 4.25 x 10~*km/s/M Pa at pressures above 50 MPa.

The mean shear-wave velocity in this study, defined as: [Vyz + Vyz + Vzz + Vzy] /4,
is plotted as a function of pressure in Figure 3.12. While the shear wave velocities are

sensitive to microcracks and density, as noted above, the higher density samples (P 03-1,
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P12-1, P11-1) display high average velocities (3.81 - 4.37 km/s, 200MPa). The low density
samples with an apparent high degree of serpentinization (P 13-1 and P 13-2) display
much lower average velocity (2.76 - 2.8 km/s, 200MPa).

Figure 3.13 illustrates the variation of S-wave velocity with density. The S-wave ve-
locities show a clear and constant increment with density. However, as will be seen, the
rate of change of S-wave velocity with density is relatively greater than that for P-wave
velocities.

Figure 3.14 illustrates the variation of S-wave anisotropy with density. There is not a
clear relationship between S-wave anisotropy and density, which may be caused by the
complexity of S wave polarization and simple visual sampling orientation. Alternatively,
there may not be any clear relationship between shear wave anisotropy and serpentiniza-
tion.

As noted in Chapter 1, there has been some discussion as to the degree to which
serpentinization influences the structure of the oceanic crust; and one way to separate

this is to look at relative differences between Vp and Vs. This is typically done by
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Figure 3.14: S-wave anisotropy vs. density at 50 / 200 MPa and room temperature

two ways, either by calculating the simple ratio Vp/Vs ratio or Poisson’s ratio: ¢ =
) {1 -1/ [(%‘f)2 - 1]}. Figure 3.15 illustrates the variation of the Vp/V's ratio and Pois-
son’s ratio with density at 200 and 50MPa, respectively. In general, both the Vp/Vs ratio
and Poisson’s ratio are larger at 200MPa than at 50 MPa; the Vp/Vs ratios and Poisson
ratios have similar slopes of -0.5 and -0.15, and an uniform decrease with density at 50
MPa and 200 MPa. That is, there is a continuous increment of Vp/Vs ratio and Poisson’s
ratio with low density that may correspond with an increase in serpentinization in the
Pindos and Vourinos Ophiolites. The Poisson’s ratio and Vp/Vs ratio at 200 MPa are
shown in Table 3.8.

The shear-wave anisotropy coefficient, A, is defined as:
Ag =100%(V sinaz — VSmin)/V Smean (3.24)

Figure 3.16 illustrates the variation of S-wave anisotropy with pressure(less than 50
MPa). S-wave anisotropy generally increases with increasing pressure at low pressure
except P04-2 and P12-1. We attribute the variation in S-wave anisotropy with pressure
to the rapid closure of oriented cracks at low pressure that oppose the LPO anisotropy.

For P04-2 and P12-1, S-wave anisotropy decreases with increasing pressure at low pres-
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Figure 3.16: S-wave anisotropy vs. pressure; average density following the sample name

sure. This relationship can be attributed to the closure of the oriented microcracks that
reinforce the anisotropy. As pressure higher than 50 MPa, all variations are small, and
gradually reach a constant value.

The shear-wave splitting coefficient (AV,) is defined as the difference in velocity be-
tween two orthogonally polarized shear waves traveling in the same propagation direc-
tion. As can be seen in Table 3.7 and Figure 3.17 and 3.18, AV, is sensitive to a variety
of factors, including pressure, mineralogy and propagation direction. The shear-wave
splitting of samples increases or decreases at low pressure (less than 50 MPa) depending
on amount of microcracks and if their directions reinforce or oppose the anisotropy. In
the high-pressure field, AV; roughly approaches a constant value, indicating that it is
controlled by the intrinsic properties (i.e. the mineralogy and LPO) of the rocks. Below
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the “crack-closing pressure”, microcracks make a contribution to shear-wave splitting, as
proposed by Crampin (1981). In general, the samples with lowest density have the small-
est S-wave splitting in all directions. This again reinforces the observation of decreasing
anisotropy with increasing degree of apparent serpentinization. For most samples the
S-wave splitting usually ranges from 0.02 to 0.2 km/s. Generally, the largest splitting at
elevated pressures is observed for waves propagating parallel to the foliation (parallel to
X or Y). The most pronounced shear-wave splitting is observed in samples P 03-1 and
P 11-1. As can be seen in Table 3.7 and Figures 3.17 and 3.18, for these two high den-
sity samples (with low degree of serpentinization), AV,(Y) > AVy(Z) and AV, typically
ranges from 0.35 to 0.48 km/s in the plane of foliation. The least shear-wave splitting
value is observed for propagation perpendicular to foliation.

The shear wave splitting (SWS) vs density along the Y and Z directions does not
display a clear relationship in Figure 3.19. In general, the samples with low-density,
and an apparent high degree of serpentinization have low SWS values and low SWS

percentage.

3.5.3 Elastic stiffness and symmetry

Elastic stiffnesses C;; are calculated and estimated directly from the observed phase ve-
locities. Table 3.9 lists the calculated elastic stiffnesses for 11 samples from Pindos and
Vourinos Ophiolites (Greece).

Determination of elastic stiffnesses from the ultrasonic phase velocity measurements
has long been employed (Cheadle et al., 1991; Mah, 1999; Mah and Schmitt, 2003). Within
planes of symmetry and along principal axes, the elastic constants can be derived from
phase velocity measurements using the formulas dependent on symmetry (Eq. 3.17).

In this study, the samples are characterized on the basis of the observed texture and
the assumed symmetry. Samples in which the elastic moduli differ by less than the ex-
pected levels of uncertainty are assumed to be quasi-isotropic. In principal, those in
which Ci1 = Cag # Cs3 and Cyy = Css # Cgg are considered to be transversely isotropic.
And those with Cy;1 # Cag # Caz and Cyy # Css # Cyg are orthorhombic. Unfortunately,
only the velocities in the Y and Z directions were measured meaning that only the elas-

tic constants Ca; and Cs3 could be determined. The stiffness C;; was not determined in
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Figure 3.17: S-wave splitting (Y) vs. pressure; average density following the sample name

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5. RESULTS AND DISCUSSION

o-4= R 1 L] L L} )
% P13-126
Y -0 P13-226 |
: -+ P04-22.87
-p- P08-3 3.06
4 .4 P03-13.19
0.35F -A P11-13.28 b
% P12-1325
& Q... & P16-32.82
E 0-3- q ,,,,,, g, -
x d < q- <o Goovoon R Gooooe- 4
N
o 0.25F .
£ PS>
E | [ SRR g ............ 8 ...... D g ...... Boeeee- g ....... Pt Beeees >..
T%'. o2k 7 T o T o T Orvvvee O vvrrne Orrees 0. ¥ S
»
>
2 A
T 0.15F. Areie Aeernn A . Aeeenr, Acvonrnn Aeenne. Ao R RN WITII. »
7] el T o 4+
R e b e TR g
0.1 8 . '-’ " . e ¢ ...................................... ]
! ..:..a - ] ] % % g g ..... - AISPERE : 4
005, BT UTUIPUIITIY: . AR SR - SEURN-SURLS- ST
[ - SR S SRR oo R R e o oo 1
E
o '] Il Il 2 'l
0 50 100 150 200 250 300

pressure (MPa)

Figure 3.18: S-wave splitting (Z) vs. pressure; average density following the sample name

77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5. RESULTS AND DISCUSSION

05 r v : ' r v
:
A Y diraction
0.45}
04}
__0a3s} A
g
2 g3}
o *
£
£ 025
g
® A *
; 0.2} *
A
* 0as} . * .
* %
0.1 .
A
oosf % . :
A
25 28 27 28 28 3 34 32 33 34
density (glcm’)
(@
14 r
A Y direction
A
12}
£ 10k
-]
o
8
[
L .
o * A
£ *
E 6t
£ e
0n
@ A
>
] * ]
. %
Z 4
A *
2 :
. *
A A
%5 26 27 28 29 3 3.4 32 33 34
density (glcm’)
(b)

Figure 3.19: Shear wave splitting (SWS) vs. density at 200 MPa and room temperature.
Top: SWS vs. density Bottom: SWS percentage vs. density

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5. RESULTS AND DISCUSSION

these tests. The symmetry of samples can only be estimated and assessed by examination
of other stiffnesses determined in the measurements. As density decreases, and perhaps
the apparent degree of serpentinization increases, the elastic stiffnesses of all the samples
decrease, and perhaps symmetry tend to evolve from orthorhombic to quasi-isotropic.

These results are summarized in Table 3.9.

3.54 Conclusion

In this study, the seismic properties and their directional dependence have been mea-
sured in eleven serpertinized dunite rock outcrop samples from Pindos and Vourinos
Ophiolites (Greece). The compressional velocities were measured to confining pressures
of 300 MPa in mutually orthogonal directions to investigate anisotropic properties with
respect to the visible textural properties of the rocks. The shear-wave velocities were
measured at two orthogonal polarizations for each direction to determine shear-wave
splitting and correlate it with P-wave anisotropy. Once the material is anisotropic there
will generally be compressional waves propagating with different velocities in the differ-
ent directions, and the polarizations of two distinct shear waves propagating will lead
to shear wave splitting. For all the samples, V,,(Z) < V,,(Y'). Shear wave splitting where
AVy(Y) > AV,(Z) is evident only in samples P 03-1, P11-1, and P 04-2. Sample symme-
tries estimated from relative values of the determined elastic constants show two types
of symmetry, quasi-isotropic and orthorhombic.

Rock and seismic properties such as the density, serpentine ratio 3, mean velocities,
anisotropies, and shear wave splitting (200 MPa) are summarized in Table 3.10. In gen-
eral, the P- and S-wave velocities, the percentage of P- and S-waves anisotropy, and the
shear wave splitting decreases with a decrease in density, and perhaps an increase in the
increasing degree of serpentinization.

As found in the work of other authors (Ji and Salisbury, 1993a; Ji et al., 1993b; Bar-
ruol and Kern, 1996; Kern et al., 1996; Dewandel et al., 2003), the P- / S-wave velocity
and anisotropy measured here on eleven samples from Pindos and Vourinos ophiolite
(Greece) exhibit an intrinsic anisotropy controlled at low pressures by both the microc-
rack network and by the lattice preferred orientation of olivine and serpentine, at higher

pressures perhaps only by the latter. Our results and the laboratory relationship be-
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Figure 3.20: Mean velocities (top group: P-wave; bottom group: S-wave) vs. density at
room temperature

tween velocity and density by different authors (Christensen, 1965, 1966a,b; Kern, 1993;
Horen et al., 1996) for serpentinite and peridotite are shown in Figure 3.20. Observed Vp
anisotropy varied from quasi-isotropic to weakly anisotropic (Ap = 11%). The pressure
invariance of the observed P-wave anisotropy and the shear-wave splitting above 100
MPa indicates that the microcracks play only a small role even at lower pressures, and
that the lattice preferred orientation (LPO) is mainly responsible for the measured seismic

anisotropy in these rocks.
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Table 3.6: P-wave velocities at various pressures for the Pindos and Vourinos Ophiolites

(Greece)
Density Velocity (km/s) in pressures (MPa) Pres. derivative

(9/cm®) Direcion 0 25 50 75 100 125 150 175 200 225 250 275 300 (Vp)o ':,—‘;F(IO“‘) R?

P 03-1 Z 6 6.196.276.336.366.39 6.4 6.426.43 6.45 6.46 6.47 6.48 6.27 7 0.93

Y 6.356.756.83 6.87 6.91 6.94 6.95 6.97 6.97 6.99 7.01 7.01 7.05 6.83 7 0.95

3.19 Ave, Vp 6.186.47 6.55 6.6 6.64 6.67 6.68 6.7 6.7 6.726.74 6.74 6.77 6.55 7 0.94
A% 5.678.66 8.55 8.18 8.29 8.25 8.24 8.22 8.06 8.04 8.17 8.01 8.43

Po04-2 Z 5.125.655.68 5.7 572574 5.77 5.78 5.8 5.81 5.84 5.855.87 5.65 7 0.99

Y 591596 6 6.046.076.086.116.126.156.16 6.17 6.2 6.21 599 7 0.99

2.87 Ave. Vp 5.525.815.845.87 5.9 5915.945.955.98 5.99 6.01 6.03 6.04 5.82 7 0.99
A% 14.35.345.485.795.94 5.755.72 5.71 5.86 5.85 5.5 5.81 5.63

P 08-3 Z 594 6.08 6.126.146.17 6.18 6.2 6.21 6.23 6.24 6.27 6.28 6.29 6.1 6 0.99

Y 623 63 636 64 6.446.49 6.516.52 6.55 6.56 6.57 6.58 6.58 6.38 8 091

3.06 Ave. Vp 6.096.19 6.24 6.27 6.31 6.34 6.36 6.37 6.39 6.4 642 6.43 644 6.24 7 0.95
A% 4.773.553.854.154.284.894.884.875.01 5 4.674.67 4.51

P 08-4 (3.08) Z 6.25 6.33 6.38 6.41 6.43 6,45 6.46 6.48 6.49 6.51 6.52 6.53 6.54 6.37 6 0.99

P11-1 Z 7277347377397397417437.447457.467.477.487.49 7.35 5 0.98

Y 698739746748 7.5 7.527.537.557.577.587.58 7.6 7.63 7.44 6 0.99

3.28 Ave.Vp 7.137.377.427.44 745747748 7.5 7.517.527.537.547.56 7.4 55 099
A% 41 0.681.211.211.481471.341.47 1.6 1.6 1.461.591.85

P12-1 Z  6.11 6.4 6.476.58 6.61 6.61 6.62 6.7 6.78 6.77 6,77 6.77 6.77 6.51 1 0.84

Y 6.8 7.367.417.43 7.5 7.537.557.56 7.57 7.58 7.6 7.617.62 7.24 7 0.89

3.25 Ave. Vp 6.46 6.88 6.947.017.067.077.097.137.187.187.197.19 7.2 6.88 4 0.87
A% 107 14 135121126 13 131121 11 11.311.611.711.8

P13 Z 4.855.04 5.07 5.13 5.16 5.2 5.235.245.27 5.28 5.295.295.29 5.1 7 091

Y  4935.15 5.2 5.235.265285.315.345.36 5.38 541 5.44 5.45 4.16 1 0.99

2.6 Ave, Vp 4.89 5.1 5.145.18 5.21 5.24 5.27 5.29 5.32 5.33 5.35 5.37 5.37 4.63 4 0.95
A% 1.642.162531.931.921.531.521.891.691.882.24 2.8 2.98

P13-2 Z  5455.535.565.575.58 5.6 5.625.63 5.63 5.65 5.65 5.67 5.68 5.54 5 0.99

Y 5335485.545.57 5.6 5.625.645.665.675.69 57 571572 5.54 6 0.98

2.6 Ave. Vp 5.395.515.55 5.57 5.59 5.61 5.63 5.65 5.65 5.67 5.68 5.69 5.7 5.54 55 099
A% 22 09 04 0 0360.360.36 0.530.710.710.88 0.7 0.7

P16-3 Z 5715.84591594597599 6 6.026.036.056.066.076.08 5.91 6 0.99

Y 587596 6 6.056.07 6.1 6.146.166.176.19 6.2 6.226.23 6 8 0.96

2.82 Ave.Vp 579 59 596 6 6.026.056.076.09 6.1 6.126.136.156.16 5.96 7 0.98
A% 2762.031.511.831.661.822.31 2.3 2.3 2.292.282.442.44

V03-11(299) Z  5.465.525.565.595.62 5.655.67 5.7 5.725.745.755.77 5.8 5.53 9 0.99

V 03-7 (2.95) Z 531 54 5.435.455.475.495.51 5.52 5.54 5.55 5.58 5.6 5.62 5.39 7 0.99
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Table 3.7: S-wave velocities at various pressures for the Pindos and Vourinos Ophiolites
(Greece)

Density Velocity (km/s) in pressures (MPa) Pres. derivative
{(g9/cm3) Direction 0 25 50 75 100 125 150 175 200 225 250 275 300 (Vs)o %‘—}(10"’) R?
P 03-1 ZX 4.1 418 4.2 4.214.224.224.234.234244.244244.254.25 4.19 2 0.99
ZY  3.653.823.883.913.923.933.94 3.95 3.95 3.96 3.96 3.97 3.97 391 3 0.94
319 AVs(Z) 0450.360.32 0.3 0.3 0.290.29 0.28 0.29 0.28 0.28 0.28 0.28 0.28
YX 3.153.443.453.463.47 348349349 35 3.5 3.513.523.52 345 3 0.98
YZ 3.273.863.913.933.943.953.963.973.983.983.99398 4 391 3 0.94
AVs(Y) 0.12 042 0.46 0.47 0.47 0.47 0.47 0.48 0.48 0.48 0.48 0.46 0.48 0.46
Ave. Vs 3.363.713.753.773.783.79 3.8 3.8 3.813.813.823.823.83 3.76 3 0.95
A% 35711.312312512412412412.612.612.612.6 12 125 12.2
P042 ZX 3.113.163.173.193.19 3.2 3.213.223.233.233.243.253.25 3.17
ZY 2963.043.063.073.083.083.093.09 3.1 3.1 3.1 3.113.11 3.06
287 AVs(Z)0.150.120.110.120.110.120.120.130.130.13 0.14 0.14 0.14 0.11
YX 2943.093.113.123.133.143.14 3.153.153.16 3.16 3.17 3.17 3.1 2 0.99
YZ 2462.862.89 29 2.912912922922932.932932.942.94 2.89 2 0.98
AVs(Y) 048 0.23 0.22 0.22 0.22 0.23 0.22 0.23 0.22 0.23 0.23 0.23 0.23 0.21
Ave. Vs 2.873.043.063.073.083.083.09 3.1 3.1 3.113.113.123.12 3.06 225 099
A% 22.79.889.169.45 9.1 9.419.39 9.69 9.67 9.66 9.989.949.94 9.17
P08-3 ZX 3.193.253.273.29 3.3 3.313.323.33 3.34 3.34 3.353.36 3.38 3.26 4 0.98
ZY 34 3473.493.513.523533.54 3.553.56 3.57 3.57 3.58 3.58 3.5 3 0.98
3.06 AVs(Z)0.210220220.220220.220.220.220.220.230.220.22 0.2 0.24
YX 3.453.543.583.59 3.6 3.61 3.623.62 3.63 3.64 3.64 3.65 3.66 3.57 3 0.99
YZ 3.323.393.413.423.433443.443.453.463.463.473.48348 34 3 0.99
AVs(Y) 0.130.150.17 0.170.17 0.17 0.18 0.17 0.17 0.18 0.17 0.17 0.18 0.17
Ave. Vs 3.343.413.443453.463.47348349 35 3.5 351352353 343 325 099
A% 7.78 8.5 9.028.69 8.66 8.64 8.62 8.32 8.29 8.57 8.27 8.24 7.94 9.03
P084  ZX  3.513.593.613.623.63 3.64 3.64 3.65 3.66 3.67 3.68 3.68 3.69 3.6
ZY 3.383433.453.463.47347348349 35 3.5 3.513.513.51 3.44
3.08 AVs(Z)0.130.160.160.160.16 0.17 0.16 0.16 0.16 0.17 0.17 0.17 0.18 0.16
Ave. Vs 3.453.51 3.53 3.54 3.55 3.56 3.56 3.57 3.58 3.59 3.6 3.6 3.6 3.52 25 099
P1141 ZX 4.154.224.254.274.284.284.284.294.294.29 43 43 43 4.26 4.15
ZY 4224364.394.414.414424424434434.444.444.444.45 4.39 2 4.22
328 AVs(Z) 0.070.140.140.140.130.14 0.14 0.14 0.14 0.15 0.14 0.14 0.15 0.13
YX  4.164.434.48 4.51 4.52 4.53 4.54 4.54 4.55 4.55 4.56 4.57 4.57 4.49 3 0.99
YZ 4 4.094.114134.144.14 417 419 4.2 4.224.234.234.25 4.09 6 0.98
AVs(Y) 0.16 0.34 0.37 0.38 0.38 0.39 0.37 0.35 0.35 0.33 0.33 0.34 0.32 0.4
Ave. Vs 4.134.284.31 4.33 4.34 4.34 4.35 4.36 4.37 4.38 4.38 4.39 4.39 4.31 3 0.99
A% 3.877.958.598.788.76 8.98 8.5 8.028.017.547.537.757.29 9.29

0.99
0.99

N W

0.99
0.99

N W

—
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Cont’ Table 3.7

Density Velocity (km/s) in pressures (MPa) Pres. derivative
(g9/em®) Direction 0 25 50 75 100 125 150 175 200 225 250 275 300 (Vs)o 4%2(10~*) R?
P12-1  ZX 3.4 3.813.883.913.933.953.963.97 3.983.993.99 4 4.01 3.9 Z 096
ZY  3.56 3.86 3.93 3.96 3.99 4.01 4.02 4.03 4.04 4.07 4.08 4.09 4.1 3.92 6 098
325 AVs(Z) 0.16 0.05 0.05 0.05 0.06 0.06 0.06 0.06 6.06 0.08 0.09 0.09 0.09 0.02
YX  3944114.154.164.174.184.19 4.2 4.214.234.244.254.25 4.13 4 098
YZ 396412418 42 4.214.234.234.244.254.254.264.26 4.27 4.18 3 097
AVs(Y) 0.020.01 0.03 0.04 0.04 0.05 0.04 0.04 0.04 0.02 0.02 0.01 0.02 0.05
Ave. Vs 3.723.984.04 4.06 4084.09 4.1 4114.124.144.144.154.16 403 425 097
A% 15.1 7.8 7.437.15 6.87 6.84 6.59 6.57 6.55 6.29 6.52 6.27 6.25 6.94
P13-1  ZX 2.54 2.632.652.66 2.67 2.68 2.68 2.69 2.69 2.7 2.712.71 2.72 2.65 0.99
ZY 257267 2.7 2.712722722.732.742.742.752.752.752.76 2.7 2 098
2.6 AVs(Z) 0.030.040.050.05 0.05 0.04 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.05
YX  2.722.832.84 2.86 2.87 2.87 2.88 2.88 2.89 2.89 2.89 2.9 2.89 2.85 2 095
YZ 274 2.8 2.822.822.83 2.84 2.85 2.86 2.87 2.87 2.88 2.88 2.89 2.81 3 097
AVs(Y) 0.020.03 0.02 0.04 0.04 0.030.030.020.020.02001002 0 0.04
Ave. Vs 2.642.732.752.762772.78 279279 2.8 2.8 2.812.812.82 2.75 2 099
A% 681732 6.9 7.247.216.847.18 6.8 7.156.78 6.41 6.76 6.04 7.27
TPI132  ZX 269277279 2.8 2.8 2.812.812.822822.822.832832.83 271 2 099
ZY 25 255258259 2.6 2.6 2.612.612.622.622.632.632.63 2.58 2 099
26 AVs(Z) 019022021021 02 021 02 021 02 02 02 02 02 0.13
YX 272278279 2.8 2.812.812.82 2,83 2.832.842.842.84 2.85 2.71 2 099
YZ 2.7 2732742.752.762.762.772.772.772.78 2.78 2.78 2.79 2.74 2 099
AVs(Y) 0.02 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.03
Ave. Vs 2.652.712.73 2.74 2.74 2.75 2.75 2.76 2.76 2.77 2.77 2.77 2.78 2.69 2 099
A% 8.298.497.717.687.667.657.637.987.617.967.587.587.93 4.84
P 16-3 ZX 3.02 3.08 3.093.08 3.09 3.1 3.1 3.113.113.113.113.123.12 3.07 2 0.96
ZY 292299298299 3 3 3.013.023.023.023.033.033.04 2.99 2 094
2.82  AVs(Z) 0.020.090.110.09 0.09 0.1 0.09 0.09 0.09 0.09 0.08 0.09 0.08 0.08
YX  2.852.952.99 3.01 3.02 3.03 3.04 3.04 3.04 3.05 3.05 3.06 3.06 2.98 2 099
YZ 3.043.123.143.153.163.163.17 3.17 3.17 3.18 3.18 3.19 3.19 3.14 2 095
AVs(Y) 0.190.17 0.15 0.14 0.14 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.16
Ave. Vs 2.96 3.04 3.05 3.06 3.07 3.07 3.08 3.09 3.09 3.093.09 3.1 3.1 3.05 2 097
A% 4.064.285.255.235.225.21 5.19 4.86 4.86 5.18 4.855.16 4.83 4.93
TV03-IT  ZX 3.213.263.283.293.323.32 3.33 3.34 3.343.353.353.37 3.38 3.28 3 095
ZY 3.183.233.253.263273.273.283.29 3.3 3.3 3.313.323.32 3.24 3 099
299 AVs(Z) 0.030.03 0.03 0.03 0.05 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.06 0.04
Ave.Vs 3.2 325327328 33 3.3 3.313.323.323.333.333.353.35 3.26 3 097
V037 ZX 201 3 3.023.033033.043.043.043.053.053.063.063.08 3 2 093
ZY 3.083.133.143.163.173.173.183.183.193.19 3.2 321321 3.14 2 099
295 AVs(Z) 0.170.130.120.130.140.13 014 0.14 0.14 0.14 0.14 0.15 0.13 0.14
Ave.Vs 3 3.073.08 3.1 3.1 3.113.113.113.123.123.133.143.15 3.07 2 096

N
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Table 3.8: Poisson’s and Vp / Vs ratio at 200 MPa
Densitay V 8(mean) VP(mean) Poisson’s Ratio Vp/V s Ratio Serpentinization

Sample (g/cm®) (km/s) (km/s) (%)
P03-1 319 3.81 6.7 0.26 1.76 13.6
P04-2 287 31 5.98 0.32 1.93 53.8
P08-3  3.06 35 6.39 0.29 1.83 304
P11-1  3.28 4.37 7.51 0.24 1.72 23
P12-1 325 4.12 7.18 0.25 1.74 6.8
P13-1 2.6 2.8 5.32 0.31 1.9 87.9
P13-2 26 2.76 5.65 0.34 2.05 87.9
P16-3 282 3.09 6.1 0.33 1.97 59.9
V03-11 299 34 5.72 0.23 1.68 38.8
v03-7 295 3.12 5.54 0.27 1.78 43.8
P0o8-4  3.08 3.58 649 0.28 1.81 27.5

Table 3.9: Calculated elastic stiffnesses (GPa) for the Pindos and Vourinos Ophiolites

(Greece) at 200 MPa
Propagation XX YY ZZ ZY or YZ ZX or XZ XY or YX Ave. density
Sample C11 C22C33 Cua Css Ces (g/em®)

P03-1 155132 50 57 39 3.19
P 04-2 - 109 97 26 30 28 2.87
P 08-3 - 131119 38 34 40 3.06
P11-1 - 188182 61 60 67 3.28
P12-1 - 186149 56 51 58 3.25
P13-1 - 75 72 21 19 22 2.6
P13-2 - 84 82 19 21 21 26
P16-3 - 107103 27 27 26 2.82
P 08-4 - - 130 38 41 - 3.08
Vv 03-7 - -9 30 27 - 295
vV 03-11 - - 98 33 33 - 299
Forsterite 328 200 235 66.7 81.3 80.9 3.22

Note: Cy4, Cgs, and Cgg calculated by average velocities

Table 3.10: Parameters of velocity anisotropy at 200 MPa
Sample (%) Density (g/cm”) Vp (Km/s) Ap (%) Vs (Km/s) As (%) A Vs (km/s)

P03-1 13.6 3.19 6.7 8.06 3.81 12.6 0.39
P04-2 53.8 2.87 5.98 5.86 3.1 9.67 0.18
P08-3 30.4 3.06 6.39 5.01 3.5 8.29 0.2
P11-1 23 3.28 7.51 1.6 4.37 8.01 0.25
P12-1 6.8 3.25 7.18 1 4.12 6.55 0.05
P13-1 879 26 5.32 1.69 28 7.15 0.04
P13-2 878 26 5.65 0.71 2.76 7.61 0.13
P16-3 59.9 2.82 6.11 23 3.09 4.86 0.11
P08-4 27.5 3.08 6.49 3.58 0.16
V03-7 438 2.95 5.54 3.12 0.14
V 03-11 38.8 2.99 5.72 332 0.04

Density, Serpentine ratio 3, Average Ultrasonic Velocities (Vp/Vs), Anisotropies (Ap/ As), S-wave splitting
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Chapter 4

Magnetic Susceptibility and AMS

4,1 Introduction

The variation of susceptibility with orientation is called Anisotropy of Magnetic Sus-
ceptibility (Tarling and Hrouda, 1993) or usually just AMS. Magnetic fabrics defined by
anisotropy of magnetic susceptibility (AMS) are sensitive indicators of rock texture and
strain. Magnetic fabric techniques use this characteristic to infer the petrofabric of rocks
so that their origin and structural evolution can be determined. Consequently, AMS (usu-
ally, measured at low magnetic field, < 1 mT, and room temperature (Rochette et al., 1992))
is a useful tool for its intrinsic petrofabric meanings. The AMS measurement procedure
principally includes: 1). the collection of oriented rock samples; 2). determination of the
strength of the magnetization at a number of different orientations; 3). analysis and illus-
tration. AMS can be interpreted in terms of the net shape of the grains and the degree
of their crystalline alignments, which, in turn, can be interpreted and compared to other
petrofabric techniques such as Electron Back Scatter Diffraction (EBSD). Thus, it is theo-
retically reasonable to compare petrofabrics by magnetic anisotropy with those of other
rock physical techniques such as elastic anisotropy as discussed in the previous chapter.

Making AMS measurements is rather straightforward, however, the interpretation of
the measurements is not so simple. It is essential to establish the composition, the size
of magnetic grains, and the physical relationships of mineral grains before attempting
a geological interpretation of magnetic fabrics. Obviously, analysis of AMS plays a par-
ticular role in the studies of many branches of the earth science. For example, research

of AMS in paleomagnetism revealed in the last few decades some interesting features
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4.2, THEORY AND METHOD OF DETERMINING AMS

related with strain (Borradaile, 1988; Rochette et al., 1992), and relationships between the
grain shape, structural axes and magnetic axes help to understand and reconstruct the
rock’s framework.

A material’s magnetic susceptibility K is defined with M = K x H, where M is the
induced magnetization of the material and H is the inducing magnetic field. The princi-
ples and applications related to anisotropy of low field magnetic susceptibility has been
reviewed by many authors (Hrouda, 1982; Borradaile, 1988; Jackson, 1991; Borradaile and
Henry, 1997). The statistical process and treatment of AMS data from a set of specimens

to define the mean AMS tensor is done by the tensorial mean method (Ielinék, 1978).

4.2 Theory and method of determining AMS

The study that AMS can be used for petrofabric and other branches of the earth science,
on consequently comes from the contention that AMS is caused by intrinsic magnetic
properties. Then, AMS arises from the magnetic fabric caused by the preferred orienta-
tion of minerals. In general, the preferred orientation of crystallographic axes controls
the grain shape and determines the magnitude and direction of AMS for most minerals
and rocks. The bulk susceptibility and its anisotropy represent a summation of the sus-
ceptibility of all the mineral species that are present in a sample. What follows is a brief

theoretical review related with magnetic anisotropy.

4.2.1 Anisotropy of magnetic susceptibility

The dependence of magnetic properties on a preferred direction is called magnetic anisotropy.

There are several different types of magnetic anisotropy:
o Magnetocrystalline anisotropy
e Stress anisotropy
¢ Shape anisotropy

Magnetocrystalline anisotropy is an intrinsic property of a material or rock that arises
from the action of lattice forces on the electron-spin configuration along a specific direc-

tion termed the easy plane or the easy axis. Stress anisotropy is another effect related
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to spin-orbit coupling called magnetostriction. Magnetostriction arises from the strain
dependence on anisotropy constants. Shape anisotropy is due to the shape of a min-
eral grain. The surface charge distribution of a magnetic mineral is another source of a
magnetic field. As noted earlier, this variation of susceptibility with orientation is called
anisotropy of magnetic susceptibility. In reality, only a few rocks have the induced mag-
netization of the same strength from a symmetrically shaped specimen irrespective of the
direction in which a weak field is applied. Such rock samples are magnetically isotropic.
In most rock samples, the strength of the magnetization induced by a weak field of con-
stant strength, depends on the orientation of the sample within the field. Such rocks
are magnetically anisotropic. The variation of susceptibility with orientation can be de-
scribed mathematically in terms of a second-rank tensor and can be visualized as a sus-
ceptibility ellipsoid (Figure 1.3). The anisotropy of magnetic susceptibility used in most
published articles is usually determined from measurements of susceptibility in a weak
field (< 1 mT) unless specifically stated.

The magnitude of the anisotropy depends on two factors: the anisotropy of the indi-
vidual particles and the degree of their alignment. It must be emphasized that no one
method of measurement is capable of resolving the contributions of these two factors.
Furthermore, the shape anisotropy of a ferrimagnetic grain can differ radically depend-
ing on whether it is multi-domain or single-domain because of the markedly different
hysteresis loops of such domains. Thus, extreme care is needed when attempting to in-

terpret any magnetic anisotropy in terms of some physical process.

4.2.2 Mathematical Description of AMS

The aim of a mathematical description of AMS is to give a physical concept of the val-
ues measured for magnetic susceptibility, and to derive the fundamental possibilities of
exterminating the anisotropy and evaluate their accuracy (Jandk, 1965). The theory of
calculation of AMS has been discussed in the past, and various authors described meth-
ods of calculating the susceptibility tensor using least squares techniques (Granar, 1958;
Girdler, 1961; Jandk, 1965; Jelinek, 1977; Hanna, 1977). Here, a general summary of past
work is provided.Those readers who have been exposed to the concepts of stress and

strain will see many analogies with the full description of the susceptibility. For exam-
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ple, as will be shown, one can use an elliptical body to represent the anisotropy of the
magnetic susceptibility. Many workers have used various measures to more succinctly
describe some characteristics of these elliptical bodies.

When a low field (< 1mT) is applied to a magnetically anisotropic specimen, the
magnetization, M = Mie; + Maes + Mjes, is not parallel to the applied field, H =
Hje, + Haez + Hses(Figure 4.1), and its three orthogonal components can be defined as:

My = Ky1H, + KioHy + K13Hs
Mo = Ko Hy + Koo Hy + Koz Hy (4.1)
M3 = K51 Hy + K3oHy + K33 Ha

This is equivalent to:
M; = Ki;H;(i,§ = 1,2,3) 4.2)

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4,2, THEORY AND METHOD OF DETERMINING AMS

Where the K;; are the components of the second-order tensor which can also be ex-
pressed as a symmetric matrix:
( Ky Ky Kz )
Kij=| Ko Ky Ko (4.3)
K31 Kz Ka

Of these parameters, K2 = K|, Ko = K3g, and K3, = K3, so six independent
components must be determined to completely define the susceptibility ellipsoid. With
all such matrix tensor representations, it must be remembered that that the component
values of the ‘tensor’ matrix of Eq. 4.3 depend on the co-ordinate frame from which
the observer makes the measurements. As with stress and strain, one can also find the
co-ordinate axis in which the off-diagonal components vanish leaving only those along
the central diagonal. These three remaining diagonal values are called the principal val-
ues of the susceptibility K, K, and K. If the material is magnetically isotropic, the
off diagonal components are equal to zero. The remaining three numbers are necessary
to describe the orientation of the principal axes with respect to the original co-ordinate
frame axes. The value of the susceptibility in any direction can be described by a 3-D
elliptical object. The goal of making the magnetic anisotropy measurements is to obtain
the 6 independent values of the susceptibility matrix of Eq.4.3, or, equivalently and more
meaningfully, the three principal values and their directions with respect to the original
co-ordinate frame often referenced from the textural elements of the rock.

In making a measurement, one places the sample at a variety of orientations in a uni-
form magpnetic field H. This sample will have an induced magnetization M, but as noted
M is not generally aligned with H and it is only the projection of M in the direction of
the external field that is measured by the record equipment. The problem thus becomes
one of making sufficiently numerous measurements of these projected magnitudes in a
variety of different directions to give a series of corresponding directional susceptibili-
ties « ; and then back-calculating from these observations to obtain the full susceptibility
tensor of Eq. 4.3. Of concern when choosing the directions, is to keep the calculation of
the susceptibility simple, the chosen direction easily realizable, and the measurements
accurate. In this study, a suitable system (Bartington M52B sensor) makes measurements

in 18 different orientations shown in Figure 4.2(9 arrows and their opposite directions).
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Figure 4.2: Directions A)...Ag of AMS measurements(Modified from Girdler, 1961; Jandk,
1965).

The anisotropy tensor contains 6 unknown coefficients and therefore a system of six in-
dependent measurements is enough for a determination. After we determine the values
of the directional susceptibilities &;...9, K;; can be measured and calculated from the

directional susceptibilities 1...xg. For instance, the value x4, k5, k6 for K;;(i # j):

K1
Kog 0 -1/2 -1/2 -1 0 0 22
Kig |=|-12 0 -1/2 0 10 : (4.4)
Kia -1/2 -1/2 0 0 0 1 4
K5
K6
Similarly. use the values of k7, kg, kg for Ki;(i # j):
K1
Kos 0 1/2 1/2 -1 0 0 :2
Kas |=|12 0 1/2 0 -1 0 Rj (4.5)
K12 /2 1/2 0 0 0 -1 -
Kg
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4.2, THEORY AND METHOD OF DETERMINING AMS

By using a least square solution, it is possible to obtain an estimate of the best fit of the
susceptibility-ellipsoid and hence for the magnitude and direction of the principal axes.
The reader is referred to Girdler (1961); Jandk (1965) for the complete set of details. The

final equation giving the six coefficients Kj; is:

K1
Kn 10 =2 =2 4 4 -2 4 4 2 K2
Koo -2 10 -2 4 -2 4 4 -2 4 :3
Ksg | 1] -2 -2 10 -2 4 4 -2 4 4 ! “@6)
Kos |18l 0 0 0 o 0o 9 0 0 -9 ":5 :
K3y 0 0 0 0 9 0 0 -9 0 n“
Ko 0 0 0 9 0 0 -9 0 O 7
Kg
K9
The directions of principal axes can be calculated by:
_
tanf)—nl 4.7)
sing =ng (4.8)

Where n; are the directional cosines of the principal axis, the directional cosines are then
converted to the (8, ¢) notation where 6 is the angle of declination in degrees measured
clockwise from OA; and ¢ is the angle of inclination with reference to the A; — A3 plane.

According to Jandk (1965), the average deviation of such coefficients is less than 1 %.

42,3 AMS calculation and illustration

A wide range of parameters have been used in the literature describing the applications
of AMS to both magnetic properties and petrofabrics. This short summary is intended to
provide explanations for the parameters used in this study.

The anisotropy of low-field magnetic susceptibility (AMS) is usually determined af-
ter measuring the susceptibility of a rock specimen along different directions. This en-
ables one to calculate the AMS tensor, which can be represented by an ellipsoid with min-
imum (K3), intermediate (K2) and maximum (X} susceptibility axes: K7 > K2 > K3.
The mean susceptibility is represented by: K = (K1 + K2 + K3)/3.
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4,2, THEORY AND METHOD OF DETERMINING AMS

The ratios of the pairs of the principal susceptibilities are commonly used to charac-
terize the magnetic fabric. Numerous parameters have been defined both for the quan-
tification of the magnitude of anisotropy and for defining the shape of the ellipsoid. The
parameters can usually be divided into two main groups: 1). those dealing with the
magnitude and shape of the susceptibility ellipsoid; 2). those concerned with the spatial
orientation of the principal axes of the ellipsoid.

The anisotropy degree parameter for the magnitude of anisotropy is particularly sen-
sitive to variation in the total susceptibility, which is defined as the ratio of the maximum

and minimum susceptibilities (Nagata, 1961):
P=K|/K;

Owens (1974) proposed another parameter for magnitude of anisotropy - the normal-
ized anisotropy degree:
§= (Kl - K3)/I(mean

Currently, the rock-magnetic literature strongly recommends that a corrected anisotropy

degree should be adopted; proposed by Jelinek (1981):

Py = e:vp\/{2[(7]1 - 77”1)2 + (12 — 77m)2 +(n3 — 77171)2]}

Where 1) = InK1;72 = InKa; 13 = InK3; jm = (m + 12 + 13)/3. The parameter Py in-
corporates both the intermediate and mean susceptibility rather than only the maximum
and minimum values, thus, it is a more informative parameter than P alone. Also, it is
better to expresses magnetic properties by using logarithmic values of susceptibility.

The shape of the anisotropy ellipsoid can be expressed in terms of the ratios or differ-
ences of the axial values. Most early parameters were based on ratios.

For example, lineation (Balsey and Buddington, 1960):
P =L=K /K,

and foliation (Stacey, 1960):
Ps=F = Ky/K3
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4.3. MAGNETIC SUSCEPTIBILITY MEASUREMENT

In our study, we use the parameter T for the shape ellipsoid. T' combines lineation
and foliation parameters, and includes all three principal susceptibilities in its calcula-
tion. The magnetic literatures recommended that this shape parameter should be adopted
(Jelinek, 1981; Hrouda, 1982). T can be expressed as:

_ [QIn(Kg/Kg)] 1
In(K,/K3)

0 < T < 1 corresponds to oblate (disk) shapes ; —1 < T' < 0 corresponds to prolate

(rod) shapes; T = 0 corresponds to the shape of neutral (plane-strain) ellipsoid (P; = P).

4.3 Magnetic susceptibility measurement

There are different methods that can to be used measure magnetic anisotropy with each
method providing information that enables the anisotropy of magnetic susceptibility to
be described in terms of a triaxial ellipsoid. Borradaile and Stupavsky (1995) generally
summarized and reviewed measurement schemes. Jelinek (1977) used the 15-position
scheme. In our lab, AMS measurements are made using a 18-position system, Bartington
MS2B sensor, with AMSWIN-BAR software.

The sampling method for AMS is the same as used to collect oriented rock for pale-
omagnetic analysis (Cox and Doell, 1960; Collison, 1983; Tarling, 1983; Tarling and Hrouda,
1993). All such methods compromise between (i) the need for speed and accuracy dur-
ing orientation and collection under field conditions and (ii) the size and shape of spec-
imens required for the different instruments. Most of the instruments used to measure
anisotropy are designed for specimens of specific sizes and shapes, these are usually
identical to those required for the measurement of paleomagnetic properties (Collison,
1983; Tarling, 1983). Cylinders and cubes are normally used. The two most common stan-
dard shapes are cylinders with a diameter of 2.5 cm and a height of 2.1 cm and cubes of
2.0 cm per side (Figure 4.3). In this study, we use 2.54 cm (1-inch) length x 2.54 cm diame-
ter core required by the operation manual from Bartington. After the velocity anisotropy
measurements, the same cores were shortened and flattened as 2.54 cm diameter x 2.54
cm length cylinder core for AMS measurement.

The frequency dependence of susceptibility should be considered when making AMS

measurements. Changing frequency means changing the time of reaction of grains in an
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Figure 4.3: Standard specimens for AMS measurement

applied field. That is, the domain sizes will shift to larger or bigger volumes based on the
variance of frequency. Experimental results show that more grains become blocked when
the frequency of measurement increases (Dunlop and Ozdemir, 1997). In this study, AMS
was measured at a fixed frequency of 0.465 kHz (LF), with an applied field of 250 uT.
The three principal axes defining the AMS ellipsoid are determined from the 18-position

orientation scheme.

4.4 Results and discussion

Asnoted, AMS is measured in 18 different directions in our procedure, and all differences
are illustrated and analyzed. AMS can be fundamentally interpreted in terms of the net
shape of the grains of major phase and the degree of their crystalline alignment, which,
in turn, can be compared and interpreted in the same way as in all other petrofabric
techniques. AMS results for the 8 samples from the Pindos and Vourinos Ophiolites are
presented in Table 4.1. All values of magnetic susceptibility were measured at low field

and room temperature.
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Table 4.1: The AMS measurement of the Pindos and Vourinos Ophiolites (Greece)

Declination Inclination Eigenvalue Susceptibility Anisotropy Serpentinization

Sample (degree) (degree) (degree) (mean,1075SI) (%) B (%)

P12-1 Kyin 3469 724 46.7 509 13.7 6.8
K, 1394 15.7 524
Kpee 2315 7.8 53.7

P03-1 Kmin 34 83.2 90.2 1019 18.9 13.6
Kine 2221 5.3 106.1
Kper 1317 4.2 109.5

P08-3 Knin 307 509 291.3 3023 7 304
Kine 1153 385 303
Kpex 2099 5.8 312.6

P13-1 K,in 4.3 64.3 291.1 317.8 15.1 879
Kine 223 20.6 3232
Koz 1274 14.7 339.1

P13-2 K, 514 69 307.5 330.7 14.8 87.9
Ky 2153 203 328.1
Kpee 3073 54 356.5

P11-1 Kpin 6.1 81.1 117.2 126.1 13.9 2.3
Kin: 96.2 0 126.3
Knaz 186 8.9 134.7

P04-2 Kpin 1266 86.1 924 99 109 53.8
Kin 16.5 1.3 101.5
Kpar 2865 3.7 103.2

P16-3 Knin 2124 58.8 29.8 4448 219.2 59.9
Kine 822 21.3 299.8
Koae 3433 21.6 1004.7

The mean magnetic susceptibility, K,, = (K + K3z + K3)/3, of the Pindos and Vouri-
nos Opbhiolites, varies from 50.9 x1075 to 444.8 x107° SI with an overall average mag-
netic susceptibility of 221.7x107® SI. The highest value is obtained from sample P 16-3,
the serpentinized dunite, due to the presence of abundant magnetite presumably gener-
ated during serpentinization process. Therefore, the magnetic fabrics in this sample are
mainly produced by magnetite grains as was indicated in the magnetic characterizations
of Chapter 2. The lowest value comes from sample P 12-1, dunite, and is primarily due
to the presence of paramagnetic mineral olivine. The values observed here are consis-
tent with the wide range of susceptibilities from 3.1 x1073 to 18 x10~3 SI (Blum, 1997)
for serpentinized peridotite, and do not significantly depart from the value of Toft et al.
(1990). Hence, in the samples from the Pindos and Vourinos Ophiolite, contribution from

both the paramagnetic and ferrimagnetic minerals has to be taken into account when
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magnetite is present from the process of serpentinization.

Magnetic anisotropy will be greatly influenced by a samples’ composition as indi-
cated by our results. The smallest value of AMS ((K; — K3)/Kmean) among all samples is
7% for sample P 08-3. The largest AMS value comes from sample P16-3 at 219.2% with an
average magnetic susceptibility of 444.8 x 1075 SI, which definitely implies the existence
of ferrimagnetic minerals.

The magnitude and direction of all the sample’s principal axes are shown in Figure
44. The maximum and intermediate axes have no particular declination trend; this is
not unexpected as there is no information on the orientation of their original geographic
position. The inclination, however, is almost entirely near the edge of the polar plot. This
suggests that the orientation of the sampling was closely perpendicular to foliation. The
minimum K axis shows a non-random distribution with its axis clustering in a direc-
tion perpendicular to the textural planes (that is, the direction of the Z-axis in seismic
anisotropy, which is perpendicular to the cutting plane with 90 degree inclination, as
seen in Figure 4.4). Samples P 08-3 and P 16-3 deviate from this trend; due to the fact that
the textures were not easily discernable in these two rocks. Their sampling orientation
was neither parallel nor perpendicular to the foliation.

Three typical ellipsoids are shown in Figure 4.5. The AMS degree of P 03-1 is largest
among these three samples. Describing the specific relationship between the magnetic
axes of rock-forming minerals and their shape and crystallographic axes, the usual rela-
tionship between AMS and petrofabric, leads to the expression ‘normal magnetic fabric’.
A normal magnetic fabric corresponds to the situation where K, is parallel to the struc-
tural lineation (due to stretching, flow or current origin) and where K3 is perpendicular
to the structural foliation (flattening, flow or bedding plane). Magnetic fabric and rock
texture are quite similar; that is, the symmetry of the AMS ellipsoid mimics the petro-
fabric symmetry. Here, normal magnetic fabric exists in this study. Comparison between
magnetic fabric and rock fabric is made in samples P 03-1 and P 13-1, for example, by
contrasting magnetic fabric with rock fabric as observed visually in the rock and in thin
section. As shown in Figure 4.5, samples P 03-1 and P 13-1 are classified as ‘normal’
since the inclination of their Kmin axis is nearly perpendicular at 3.4° and 4.3, respec-

tively. The plane consisting of Kmax and Kint compare favorably with rock foliation. In
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Kmin P03-1
Kint PO3-1
Kmax P03-1
Kmin P04-2
Kint P04-2
Kmax P04-2
Kmin P08-3
Kint P0O8-3
Kmax P08-3
Kmin P11-1
Kint P11-1
Kmax P11-1
Kmin P12-1
Kint P12-1
Kmax P12-1
Kmin P13-1
Kint P13-1
Kmax P13-1
Kmin P13-2
Kint P13-2
Kmax P13-2
Kmin P16-3
Kint P16-3
Kmax P16-3
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obOEpPORPOEPOLEHDPORPOEDO

180

Figure 4.4: The magnitude and direction of all samples’ principal axes; projected in lower
hemisphere. (Declination: 0° to 360° clockwise; Inclination: 0° to 90° from edge to center)
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the case of sample P 08-3, where the sampling orientation is not perpendicular to folia-
tion, the principal axes of AMS immediately show its difference comparing with other
samples (in case of Z-direction sampling, neither are K; and K, perpendicular to the
sampling direction, nor is K3 parallel to it), which conversely imply that AMS is a useful
indication in rock texture.

The anisotropy degree of AMS as indicated by lineation (P1) and foliation (P3) is
shown in Figure 4.6, with data values shown in Table 4.2. Although there is no clear
relationship between P1 and P3, the result still shows that most samples are below the
slope of unit gradient P;/P3 = 1. That means most are oblate except for P 13-2 (prolate
fabrics i.e. above the slope).

The strength and shape of AMS ellipsoid have been expressed using Jelinek’s para-
meters (T and P;) in Figure 4.7, with data values shown in Table 4.2. The figures show
that most magnetic susceptibility ellipsoids are oblate for the samples from Pindos and
Vourinos Ophiolite. All Py values vary from 1.03 to 4.72, (average 1.52). The P; values of
all the other samples lie between 1.03 and 1.1 except for P 16-3. That means all samples
have weakly magnetic anisotropy except for P 16-3. As illustrated by the distribution
of the data, T ranges from -0.12 to 0.7, (average 0.35). All other samples’ T values are
above the T' = 0 in the T' — P, graph (Figure 4.7), which means that all others are oblate
(0 < T < 1) except for P 13-2 (-1 < T < 0). The values of P 11-1 and P 08-3 are very
small, 0.075 and 0.116, respectively. So, they could be classified as neutral ellipsoids (plot
close to T' = 0).

4.5 Conclusion

AMS describes the variation of magnetic susceptibility with direction in a material, and
represents the contributions of all rock forming minerals (i.e., dia-, para-, ferri-, and ferro-
magnetic). Since both paramagnetic and ferrimagnetic minerals are present in this study,
the bulk AMS reflects the combination of the anisotropy from the preferred crystallo-
graphic orientations of paramagnetic minerals, and the anisotropy of magnetite grains.
Normally, K. axis represents the magnetic lineation while K,;,, is the pole of the mag-

netic foliation (the plane containing Kme: and Kne axes).
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3]

(e) P08-3 () P08-3

Figure 4.5: The typical ellipsoids of samples P 03-1, P13-1, P08-3; To the left: in coordi-
nates of principal axes of AMS, where Z is parallel to K3. To the Right: in coordinates of
reality, where Z is perpendicular to top of the core. The plot is by 3-D visualization, real
K values listed in Table 4.1
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Figure 4.7: Plot of corrected anisotropy degree (P;) with shape parameter (T)
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Table 4.2: Parameters of describing AMS ellipsoid (Parameters defined in 3.3.3)
Sample Kmean Anisotropy Density P T Foliation Lineation g3

(107581) (%) (g/em?) (K2/K3) (K1/K3) (%)
P13-1 3178 15.1 26 1.07 0371 1.11 1.049 879
P132 330.7 14.8 26 1.067-0.123 1.067 1.087 879
P 04-2 99 109 287 1.053 07 1.099 1.017 538
P08-3 3023 7 3.06 10310116 1.04 1.032 304

P03-1 1019 18.9 3.19 1.0950.675 1.176 1032 136
P11-1 1261 13.9 3.28 1.062 0075 1.078 1.067 23
P12-1 509 13.7 325 1.067 0649 1122 1.049 68
P16-3 4448 219.2 2.82 47230313 1006 3351 599
Average 221.7 39.2 296 1521 0347 2219 1336 42.8

Noted: 3 : Serpentinization ratio

Table 4.2 lists the AMS ellipsoid parameters. In general, the variation of the sam-
ples’ bulk susceptibility is related to their percentage of serpentinization. Samples with
a lower density generally have a higher susceptibility, although sample P 08-3 does not
fit this trend. A plot of the degree of lineation and foliation (Figure 4.6) and a Jelinek’s
parameters T'— Py graph (Figure 4.7) show that the magnetic susceptibility ellipsoids are
mostly oblate in the samples. The P; value suggests that the AMS of all the samples,
except for P 16-3, are weakly anisotropic. The variation of AMS degree depends on com-
position and category of samples, usually between 10 to 20 percent. Sample P 16-3 has
the largest magnetic susceptibility, probably because of the heterogeneity of magnetite
distribution. Very often the accumulation of magnetic minerals can dominate the entire

susceptibility signal, even though all minerals contribute to the overall bulk susceptibil-

ity.
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Chapter 5

Comparison between seismic
anisotropy and AMS

5.1 Introduction

Both magnetic fabric and elastic anisotropy measurements were performed on 8 samples
of the Pindos and Vourinos ophiolite (Greece). AMS (anisotropy of magnetic suscepti-
bility) and seismic anisotropy are two external manifestations of the intrinsic physical
properties of these samples. The correlation between the AMS fabric and rock fabric has
been widely discussed (e.g. Hrouda, 1982; Borradaile and Henry, 1997; Rochette et al., 1992;
Yaouancq and Macleod, 2000; Bascou et al., 2002; Ferré et al., 2005); as has been the corre-
lation between seismic anisotropy and rock fabric (e.g. Mainprice and Silver, 1993; Ji and
Salisbury, 1993a; Ji et al., 1993b; Barruol and Kern, 1996; Kern et al., 1996; Dewandel et al.,
2003). Measurements and theory of the seismic anisotropy and AMS have been reviewed
and discussed in the chapter 2 and 3, respectively. This chapter will largely focus on a
comparison of the magnetic anisotropy to the elastic anisotropy based on these labora-

tory results.

5.2 Controlling factors of magnetic anisotropy

Serpentinization is a simple and widespread hydrothermal alteration process, which pro-
duces serpentine group minerals, brucite, and magnetite (Best, 2003). Serpentine replace
the olivine grains by hydration reaction along cracks; progressive serpentinization create

serpentine-filled fractures and form a grid-pattern on the block of peridotite (e.g. Figure
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Figure 5.1: Degree of serpentinization vs. mean magnetic susceptibility (log scale); Data
from this study and that of Toft et al. (1990)

A.7 and A.8). During the serpentinization, ferrous iron reacts with oxygen and forms
magnetite (Best, 2003). Usually, magnetite occur as the accessory phases. Because the fer-
rimagnetic minerals have positive and large susceptibilities compared to the para- and
diamagnetic minerals, magnetite generated from olivine and pyroxene during the reac-
tion of serpentinization will enhance the magnetic susceptibility of the whole rock assem-
blage. Hence, serpentinized rock may have high magnetic susceptibilities compared both
with protoliths and with typical crustal rocks (Toft et al., 1990). The variation of magnetic
susceptibility with serpentinization is plotted in Figure 5.1, and shows a general linear in-
crease of susceptibility with an increase in serpentization. The increase on susceptibility

is likely due to the production of magnetite during the serpentization process.

5.3 Seismic anisotropy influenced by serpentinization

The influence to seismic anisotropy by serpentinization has been described in depth in
chapter 2. The intrinsic seismic anisotropy is controlled by the mineral fabric preferred

orientation. In general, an increasing degree of serpentinization results in a decrease in P-
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and S-wave velocities, in the percentage of P- and S-wave anisotropy, and in shear wave
splitting. In the samples from the Pindos and Vourinos ophiolite (Greece), olivine relicts
are surrounded by serpentine in partially serpentinized dunite (e.g. see thin sections
A7 and A.8 in Appendix A). The experimental measurements in Chapter 2 also showed
that seismic anisotropy decreases with an increase of serpentinization in peridotites in a
manner similar to Christensen (1966b) and Horen et al. (1996).

As stated in Chapter 1 and whole rock analysis in Chapter 2, we have assumed that
the degree of serpentinization of our rock samples can be estimated by mass density
measurements in accordance with geology observations, using the linear relationship
between density and serpentinization established by Christensen (1966b). The variations
in velocity with changes in degree of serpentinization from our laboratory and those by
Christensen (1966b) are plotted in Figure 5.2. A clear inverse relationship between Vp
and Vs with degree of serpentization is evident. The macroscopic velocity anisotropy
of P- and S-wave velocities is attributed to the controlling of olivine in peridotite and
to lattice preferred orientation (LPO) in the serpentinite (Kern, 1993; Barruol and Kern,
1996; Dewandel et al., 2003). According to Weiss et al. (1999), orthopyroxene texture is less
pronounced in exhibiting a preferred orientation than olivine.

Our laboratory data indicates that most microcracks are closed below confining pres-
sure of 100 MPa or even less. Above this pressure the wave velocities and anisotropies
are mainly controlled by preferred orientation of the mineral. Compared to previous
research (e.g. Kern, 1993; Dewandel et al., 2003) and with knowledge of the constituent
minerals for these samples, the anisotropy by LPO of olivine may play an important role
at confining pressures above 100 MPa.

Along the direction perpendicular to rock foliation, the P-wave velocities are lowest
in the measurements. The serpentine network seems quite regular and homogeneous.
The decrease of seismic anisotropy with the degree of serpentinization shows that the
bulk anisotropy of these rocks primarily results from preferred olivine orientation and
not to the serpentine. The microcracks may also play a role in this, but the relatively
uniform values observed at pressures in excess of 50 MPa suggests that this role at best

is minor.
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Figure 5.2: Variation of mean velocities (at 200 MPa) vs. Degree of serpentinization
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Figure 5.3: Schematic comparison between magnetic fabric and rock texture
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54 Comparison between magnetic fabric and seismic anisotropy

A comparison of the orientation and intensity of seismic and magnetic anisotropy was
carried out to determine if a correlation exists between magnetic fabric and seismic anisotropy.
Using information from Figure 4.4, the AMS fabric orientation is displayed in Figure 5.4
and 5.5 and compared with laboratory slow or fast Vp directions for each sample. All
samples show a coincidence between the direction of slow P-wave and Kni, except P
08-3 and P 16-3 with sampling orientation non-perpendicular to foliation, which prove a
coincidence of direction between magnetic fabric and seismic anisotropy. Figure 4.4 sug-
gest that 75 percent of the K,;,, axes of the samples have an inclination of more than 64
degrees, which means the K, axes of most samples cluster in a direction roughly per-
pendicular to the rock’s principal foliation; where the direction of foliation is determined
on the basis of visual examination. The magnetic fabric of the samples is distributed into

two groups with the following characteristics:

¢ Normal magnetic fabrics in which K. is nearly perpendicular to the rock foliation

plane and is roughly parallel to the Z-axis of velocity measurement;

o Scattered magnetic fabrics (P16-3 and P08-3) for which there is no coincidence be-
tween the K, axis of the susceptibility ellipsoid and the Z-axis of velocity mea-

surement;

Approximately 72 percent of the K., and Kjn, axes of samples have inclinations
less than 20 degrees. That means there is a reasonable correlation between the plane
consisting of Kmae and Kine, and the principle rock texture foliation that causes seismic
anisotropy. An ideal case of correspondence between magnetic fabric, seismic propaga-
tion and rock texture is shown in Figure 5.3. There is a random declination distribution
of the AMS axes (Table 4.1 and Figure 4.4). No correlation can be done by comparing
Kinaz with the lineation of rock samples, the reason is because there was no geographic
orientation of samples related with rock lineation in the field when they were obtained.

The direction of the rock’s microcrack distributions may have a direct relationship
with the crystal structure of the minerals. The orientations of the olivine microcrack

networks are therefore related to the whole rock fabrics. From Figure 5.6, we see the
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Figure 5.4: AMS Minimum, intermediate, and maximum susceptibility axes of samples.
The number near the symbols is magnetic susceptibility of each axis.
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Figure 5.5: Continued, AMS minimum, intermediate, and maximum susceptibility axes
of samples. The number near the symbols is magnetic susceptibility of each axis.
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serpentine distribution network that surrounds olivine grains. If the original microcrack
network influences the secondary magnetic mineral deposition and distribution during
serpentinization, then the secondary magnetite produced during serpentinization may
simulate the rock fabric along the original microcrack network. Hence, the preferred
orientation of magnetite would be linked to olivine grain distribution. Based on AMS
and seismic anisotropy experiments, the rock textures deduced from magnetic fabric and
seismic anisotropy appear to compare favorably. That is, if the preferred orientation of
the AMS carrier minerals consists of original paramagnetic minerals or if the secondary
magnetic minerals (i.e. magnitite) mimic the orientation of the main phases, then AMS
and seismic anisotropy are well correlated. Thus, AMS may offer useful information with
respect to the foliation and the mineral fabric of rocks, regardless of whether magnetic
anisotropy is caused by crystalline or shape anisotropy. This could greatly aid laboratory
work because even if we know the crystal anisotropy of olivine and other minerals, it
remains difficult to properly select the anisotropic direction of rocks for measurement.
As a result, it maybe useful to carry out AMS measurements prior to the machining of
samples for elastic anisotropic measurements, rather than after seismic measurements.
Hence, AMS measurements may be a useful guide for preparing samples for seismic
anisotropy and the selection of sites of transducer emplacement.

Most samples display a rough coincidence between the rock foliation and the fabric
deduced from AMS measurements except for P08-3 and P16-3. For these two, the inter-
pretation of foliation from AMS and from seismic anisotropy are still similar, but totally
different with their sample-cutting planes. Samples P08-3 and P16-3 show abnormal phe-
nomena in AMS measurement, because Kjy;;, is not perpendicular to the principal rock
texture, being the “presumed or observable foliation plane”. The velocity measurements
are also anomalous for these samples because the sample-cutting plane is not coincidence
with the “presumed foliation plane”. Usually, sample-cutting surfaces are parallel or per-
pendicular to the visible principal rock texture, i.e. “presumed foliation plane”, but these
two samples were without a clear visible texture making selection of the sampling cutting
surface problematic. Interestingly, and despite of this difficulty, the data show that both
AMS and seismic velocities are sensitive to the rock fabric, and they show the same indi-

cation of foliation. In addition, the comparison between AMS and seismic anisotropy in
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Figure 5.6: Olivine grains are surrounded by serpentine network (P 13-1). Thin section
were taken under crossed polars.

Table 5.1: P-wave velocities and magnetic susceptibilities along Z-axis and within XY
plane

P13-2 P13-1 P11-1 P08-3 P04-2 P03-1 P12-1 P16-3

Kzz mean 264.8 2462 97.6 243 792 79.2 39.0 4392
Kxy mean 329.5 314.3 1254 292.5 989 105.1 50.9 627.3
Kzz/Kxy 08 078 078 083 08 075 078 07

Vp zz (m/s; 200MPa) 5632 5270 7454 6234 5798 6428 6777 6035
Vp yy (m/s; 200MPa) 5672 5359 7566 6546 6151 6974 7568 6174
Vpzz/Vpyy 099 098 099 095 094 092 09 098

Noted: Kzy = .K‘_’;Elul.

P16-3 proves that secondary magnetite indeed tracks the preferred orientation of the real
rock fabrics. Otherwise, the accumulation of magnetic minerals may overlap the origi-
nal rock fabrics of P16-3 (Figure A.9 in Appendix), which will lead to non-coincidence
between AMS and the seismic anisotropy direction.

Even though the serpentine group minerals have a complex composition, we still
hope to try some quantitative comparison between the intensities and directional depen-
dence between AMS and the seismic anisotropy. The results show that there is not only a
coincidence in the direction, but also possible in the intensities between AMS and seismic

anisotropy. Presently, AMS measurements appear to be more sensitive to the composi-
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tion of samples than seismic measurements due to the presence of additional minerals,
for example, the secondary magnetite. P-wave velocity (200 MPa) ratio Vpzz/Vpyy and
magnetic susceptibility ratio Kzz/Kzy in the Z-axis direction and along the X and Y
plane are listed in Table 5.1. The ratios show that both magnetic susceptibility and ve-
locity have a smaller value along the Z-axis than along the XY plane. Kzz represents
the average magnetic susceptibility along the Z-axis, and Ky is the average magnetic
susceptibility along the X and Y-axes. Kzz/Kzy display a directional dependence in
magnetic susceptibility similar to the measurement of velocity anisotropy, but the rela-
tive difference in velocities are much smaller than for magnetic susceptibility.

In order to make a more valid comparison between velocity anisotropy and AMS
intensities, the anisotropic ratios of different parameters are chosen including P-wave
velocities at 200 MPa , K'zz, and Kzy. For convenience of comparison, the anisotropic
ratios are defined by the same calculation method for both seismic and magnetic para-
meters; being the ratio between the difference and the average value: (Apaz — Amin) ¥
2/(Amaz + Amin). Figure 5.7 somehow shows that there may exists a possible correlation
between these two ratios. A rough trend shows that an increase in magnetic anisotropy
maybe corresponds to an increase in seismic anisotropy. We delete the sample P 16-3 in
this figure, because in Chapter 2 the whole rock analysis shows that the composition of all
other samples are similar to some extent except P 16-3. The reason that P 16-3 does not fit
in the trend maybe caused by the extreme value of its magnetic susceptibility (see Table
4.1), which demonstrates another possibility that not only could the secondary magnetite
as the major magnetic mineral greatly change the magnitude of AMS, but also may de-
velop along another system of fractures not related to olivine orientation. AMS is much
more sensitive to rock composition than seismic anisotropy in case of relatively low tem-
perature metamorphism when only part of rock has been modified. The comparability
between magnetic anisotropy ratio and seismic anisotropy ratio should be careful with
the existing of the primary olivine and secondary serpentine mixture. In most of high
grade metamorphic rocks when absolute majority of minerals are formed at the same
time during heat/pressure, the AMS indeed shows the rock fabrics.

The variances of accessory magnetic minerals should be noted as an important influ-

ence in quantitative comparison in the future. We should obtain more useful information
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quantitatively concerning the factors to influence the relationship between the intensity
of magnetic susceptibility and the rock magnetic fabric for more pure minerals and typi-

cal rocks. These may further allow us to compare rock fabrics with the magnetic fabrics.

5.5 Conclusion

In this chapter, we compared AMS with seismic anisotropy in a suite of samples from the
Pindos and Vourinos ophiolite (Greece), with densities ranging from 2.6 to 3.28 g/cm?.
The magnitude of bulk magnetic susceptibility in laboratory measurements shows that
bulk AMS of the rocks is derived from both paramagnetic minerals and magnetite. Be-
cause the serpentinization reaction can produce magnetite, the magnetic anisotropy ratio
increases with seismic anisotropy properly only within the necessary limit that there is
not too much variability of the magnetic minerals among samples. There is a gener-
ally good coincidence between the direction of magnetic fabric and rock texture deduced
from the seismic method. The Ky, axis of the AMS ellipsoid trends to be perpendicular

to the rock foliation plane for most samples; while, the plane of magnetic fabric (con-
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sisting of Knaz and Kin:) trends to coincide with the rock foliation plane. In agreement
with other research (Hrouda et al., 1988; Bina and Henry, 1990; Siegesmund and Dahms, 1994;
Yaouancq and Macleod, 2000; Lagroix and Borradaile, 2000; Bascou et al., 2002; Lawrence et al.,
2002), AMS could act as a proxy for the orientation distribution of rock fabric (Figure
5.3). But, caution is necessary in the direct interpretation of preferred crystallographic
orientations of crustal rocks before determining the reliability of AMS in some samples.

Although we cannot exclude that paramagnetic and ferromagnetic components can
have different AMS orientation when serpentization occurred not along the olivine’s
LPO, but based on the orientation of fractures around olivine grains in the thin section
photos we may assume that the fracture preferred orientation is co-axial with the LPO.
That explains why AMS and seismic anisotropy correlate each other. Further, from the
paper by Ashworth and Chambers (2000) magnetite has “crystallographic orientation re-
lated to that of olivine” in symplectites. They found that the thin platelets of magnetite
is parallel to [100] of olivine. So, this may be an alternative explanation why the AMS
should be co-axial with seismic anisotropy in serpentinized samples.

In this research, AMS arises from paramagnetic minerals and the secondary mag-
netite that follows the orientation of the main textural phases of the samples. Velocities
and calculation of elastic properties in chapter 3 evaluated the symmetries and rock tex-
ture of samples. The axis of symmetry of the samples exhibit a good correlation with
Kinin axis of the AMS ellipsoid. The plane of rock fabric deduced from the AMS ellip-
soid generally correlates with the observed principal texture of the rocks. Therefore, this
research suggests that magnetic fabric analysis could be a useful proxy for prediction of

petrofabric measurement.
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Chapter 6

Future work

Vourinos Ophiolite with high magnetic susceptibility is a good candidate for comparison
between AMS studies and seismic anisotropy . Magnetic fabrics are usually representa-
tive of the secondary magnetite in serpentinization and the primary paramagnetic min-
erals assemblage. The secondary magnetite produced in serpentinization can somehow
mimic the principal rock texture. The studies show that generally there are coincidences
in both directions and possible intensities between anisotropy of magnetic susceptibility
and seismic anisotropy, although some angular departures between axes in two differ-
ent systems are present. Nonetheless, studying and understanding the similarity be-
tween AMS and seismic anisotropy may help to develop a new method using fabrics
deduced from fast and simple AMS measurements instead of traditional laboratory ul-
trasonic methods. This could guide the design of elastic anisotropy measurement in the
future.

Magnetic susceptibility, AMS, P- and S-wave velocities, and seismic anisotropy are
all external manifestations of the intrinsic crystallographic properties of rock-forming
minerals. Magnetic fabrics were obtained from the AMS measurements; petrofabric was
evaluated based on P- and S-wave velocity measurement on the same samples. The re-
lationship between petrofabric and magnetic fabric and their mutual directional depen-
dence, compared favorably. This study presents only a semi-qualitative conclusion at
this point in the research, but it identified an interesting correlation between anisotropy
of magnetic susceptibility (AMS) and seismic anisotropy, this will allow us to develop

numerical method to quantitatively evaluate the comparability in the future. On the
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other hand, anisotropy of low field magnetic susceptibility (AMS), as a sensitive indica-
tor of rock texture and strain by its intrinsic petrofabric meanings, is used to measure
and deduce the petfofabric of rocks. But, although sensitive, its interpretation could be
easily complicated by tiny compositional changes, for example, magnetite in reaction of
serpentinization. So, caution is always necessary. In general, the degree of preferential
orientation of the magnetic and other rock-forming minerals contained in a rock has sig-
nificant effects both in the magnetic ellipsoid and the seismic anisotropy. Although we
conclude that the magnetic fabrics could be an useful proxy in determining the petrofab-
ric, this is not to imply that the comparability between magnetic anisotropy and seismic
anisotropy is simple. Some problems could arise in the interpretation of the magnetic
fabrics of rocks just as in other techniques of petrofabric analysis. Quantitatively compar-
ison between AMS and seismic anisotropy will be the important topic in the future work.
To accurately evaluate the influence of mineral orientation and composition, theoretical
work on the quantitative relationship between the magnetic fabric and rock fabric is im-
perative. In addition, to really compare rock texture and quantitatively describe mineral
orientation, more quantitative texture information will need to be obtained from X-ray,
neutron, or electron (EBSD) background scattered diffraction techniques to improve the
texture analysis in this phase.

The numerical modeling method offers a good approach to assess the petrofabric
quantitatively for single crystal and polymineralic assembly both for seismic anisotropy
and AMS. For seismic anisotropy, velocities are closely related to the intrinsic structure.
Seismic velocities by laboratory experiment can be used to evaluate anisotropies, elas-
ticity, and symmetries for the whole mineral assembly. Since seismic properties of sin-
gle crystals are known for many rock-forming minerals, the overall seismic velocities
and anisotropies of polycrystalline rocks could be computed according to the Christoffel
equation and Voigt-Reuss-Hill averaging scheme by considering the LPO and the frac-
tion volume of each constituent mineral. There are many theoretical works to explain
the relationship between seismic anisotropy and the texture of the constituent miner-
als by considering the single crystal properties and quantifying the elastic properties.
But, comparison to seismic anisotropy, however, there are few laboratory and theoretical

works devoted to AMS calculation. In principle, we could calculate AMS from texture,
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LPO, and the properties of single crystal by considering their fraction volume, using sim-
ilar methods as used for computation of seismic properties. For the theoretical work of
AMS, one of the major problems concerning with the source of magnetic susceptibility
is the quantitative relationship between the magnetic fabric and rock fabric. Another
problem is a lack of detailed magnetic database of minerals and rock, because magnetic
susceptibilities of single crystal usually vary in a range instead of a constant value by the
sensitivity to its composition.

We still need to obtain more useful information quantitatively concerning the factors
influencing relationships between the intensity of magnetic susceptibility and the mag-
netic fabric. A more sophisticated theoretical model of AMS will help to understand the

complexities of magnetic fabric by different minerals and rocks.
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Appendix A

Thin section
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(b)

Figure A.1: Thin section of sample P 03-1; Top: Parallel to the foliation (x50). Bottom:
Normal to the foliation (x50). Thin section were taken under crossed polars.
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Figure A.2: Thin section of sample P 04-2; Top: Parallel to the foliation (x50). Bottom:
Normal to the foliation (x50). Thin section were taken under crossed polars.
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Figure A.3: Thin section of sample P 08-3; Top: Parallel to the foliation (x50). Bottom:
Normal to the foliation (x50). Thin section were taken under crossed polars.
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Figure A.4: Thin section of sample P 08-4 (x50). Thin section were taken under crossed
polars.
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(b)

Figure A.5: Thin section of sample P 11-1; Top: Parallel to the foliation (x50). Bottom:
Normal to the foliation (x50). Thin section were taken under crossed polars.
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(b)

Figure A.6: Thin section of sample P 12-1; Top: Parallel to the foliation (x50). Bottom:
Normal to the foliation (x50). Thin section were taken under crossed polars.
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(b)

Figure A.7: Thin section of sample P 13-1; Top: Parallel to the foliation (x50). Bottom:
Normal to the foliation (x50). Thin section were taken under crossed polars. -
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Figure A.8: Thin section of sample P 13-2; Top: Parallel to the foliation (x50). Bottom:
Normal to the foliation (x50). Thin section were taken under crossed polars.

136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(b)

Figure A.9: Thin section of sample P 16-3; Top: Parallel to the foliation (x50). Bottom:
Normal to the foliation (x50). Thin section were taken under crossed polars.
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Figure A.11: Thin section of sample V 03-7 (x50). Thin section were taken under crossed
polars.
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