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Abstract

Rock fabrics deduced from either the anisotropy of magnetic susceptibility or of seis-

mic anisotropy have been widely discussed; on this basis one might expect there to be

some correlation between their characteristics. However, whether a general relationship

exists between magnetic susceptibility and seismic anisotropy and what its significance

might be remains unknown and there remains room for future studies. Pindos and Vouri-

nos ophiolite with its high magnetic susceptibility is a good candidate for comparison

between the anisotropy of magnetic susceptibility (AMS) studies and seismic anisotropy.

Laboratory measurements on these materials include compressional and shear-wave ve-

locities at confining pressures to 300 MPa, density, velocity anisotropy, and shear-wave

splitting, which all generally decrease with increasing degree of serpentinization . In-

versely, the Vp/Vs ratio and the Poisson’s ratio display a continuous increment with the

serpentinization degree. Magnetic fabrics, sensitive indicators of low-intensity strain,

were further obtained from AMS measurements on the same samples. The directions

of acoustic and magnetic anisotropy compare favorably. A possible reason for this cor-

relation is that the magnetic fabrics are thought to be representative of the secondary

magnetite produced during serpentinization and also from the primary paramagnetic

minerals assemblage. The bulk magnetic fabric of a few secondary magnetite originated

from serpentinization along fractures that crosscut olivine grains might mimic the prin-

cipal rock texture to some extent. The experimental seismic velocities offer the average

calculations of anisotropies, elasticity, and symmetries for the whole mineral assembly of



rocks. Comparing the AMS and seismic anisotropy indicates that generally both direc-

tions and intensities of the magnetic susceptibility anisotropy and the seismic anisotropy

coincide. These results motivate the development of additional method to use the fabric,

as deduced from simple and fast AMS measurements, as a proxy for finding the direc-

tions of elastic anisotropy in traditional ultrasonic laboratory methods.
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This list includes most symbols for the
physical quantities discussed in the text. Suf-
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sity



Chapter 1

Introduction

1.1 Background

The seismic and magnetic properties of rocks are really what their corresponding geo-

physical surveys remotely sense. Both of these properties, in general, depend on the di-

rection from which they are investigated; that is, there physical properties are generally

anisotropic. More specially, the seismic P-wave and S-wave velocities in the earth will

change with the angle at which the propagate. Additional complication are caused by

birefringent effects. Similarly, induced magnetic field strength will depend on the orien-

tation of the rock with respect to the magnetic field, this will be represented by variations

in the magnetic susceptibility with direction.

There are many different factors influencing seismic (or elastic) anisotropy. Similarly,

magnetic fabrics are also dependent on the orientation in which the sample is measured

in the magnetic field; this means that the magnetic susceptibility is variable with the di-

rection of investigation. The strength of the magnetization induced by a weak field of

constant strength depends on the orientation of the sample within the field. This charac-

teristic of rocks is well known in rock fabric measurements.

To interpret seismic data in terms of lithology, laboratory measurements on represen-

tative rocks are often employed. To describe the magnetism of the Earth and the magnetic

fabric of rocks, knowledge of the magnetic behavior of rocks and their constituent min-

erals is necessary. In the same manner as seismic anisotropy may be used to analyze

and model rock fabrics, the simpler AMS (anisotropy of magnetic susceptibility) mea-

surement allows insight on the microstructure of materials to be gained on the basis of

1



1.1. BACKGROUND

their magnetic fabric. The anisotropy of low field magnetic susceptibility has also being

a useful tool that has been successfully used in rock fabric studies. 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

simple 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 mate-

rials with uniformly and randomly oriented minerals, microcracks, and pores. Use of this

assumption, simplifies construction of earth models from seismic observation. However,

in reality most rocks are elastically anisotropic, this anisotropy is caused by a number

of different factors. Generally, seismic 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) listed a few causes for ordering of other elements:

• Magma flow that preferentially orients elongated mineral crystal precipitates;

• Settling in the horizonal plane of ellipsoidal mineral grains with the long axis in a

flow regime or of flat clay platelet in still water;

• Compaction under increasing vertical stress during diagenesis that results in fur-

ther rotation of grain axes into the horizontal plane;

• Formation of families of metamorphic straining that produces oriented cracks and

joints;

• Large-scale recrystallization foliation and lineation;

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

stress state.

As this list suggest, seismic anisotropy could result from combination of the prefer-

ential orientation of mineral grains, the presence of orientated cracks of various sizes, or

2



1.1. BACKGROUND

the occurrence of thin layering. These characteristics are of great interest by themselves

as they reveal to use some additional information on the earth’s structure. As our obser-

vational capabilities improve, seismic anisotropy cannot be neglected in seismic studies

of the earth’s crust.

It is well known that most rocks in the crust and upper mantle are to some degree

anisotropic; Consequently, the questions that naturally arise are related to how to eval-

uate the potential contribution of anisotropy of these rocks, what is the cause of the

anisotropy, and how this anisotropy is related to the rock fabric and the mineral orienta-

tion distributions. The seismic anisotropy of metamorphic rocks depended on a variety

of factors that includes mineralogical composition, metamorphic grade, the degree of tex-

ture 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 magni-

tude and symmetry of velocity anisotropy, (2) the relative orientation between seismic

properties and the structural framework, and (3) the insitu structural orientation with

constraints from experimental petrology and seismic observations (Long and Christensen,

2000).

In the present study emphasis is placed on the intrinsic1seismic 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 mag-

netic anisotropy is characterized by its various applications and laboratory technique

improvement. 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 serpentiniza-

tion have been measured in laboratory. The determination of seismic velocity is first dis-

cussed; then, a comparative study of the magnetic anisotropy caused by the rock fabrics

and mineral composition is carried out; and finally, the seismic anisotropy, elastic prop-

erties, and symmetry based on velocity measurements will be evaluated and compared

1The 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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with magnetic fabric by AMS measurements.

1.2 Why elastic anisotropy measurements are important

Over the past decade, technological advances have brought us new capacity to acquire

and process large amounts of high-resolution seismic records in both seismic exploration

and earthquake teleseismic observation. The physical properties of rocks are to some ex-

tent anisotropic as demonstrated by many seismic studies, borehole logs, and laboratory

measurements. In fact, anisotropy is likely a fundamental character of rocks. Despite the

recognition of this fact, our understanding of the anisotropic properties of many rocks is

still limited. However, it is important to understand the intrinsic properties of the rocks

through which the seismic waves pass because consideration of anisotropy in seismic

analysis and processing will improve the modelling power of such studies.

It is worthwhile to briefly mention for the concept what is meant for by seismic

anisotropy. This is, velocities depend on angle. Shear wave splitting (SWS) means that

two S-waves travel in the same direction with different polarizations and speeds (Figure

1.1). For olivine say: the maximum single-crystal Vp anisotropy is 21.9 %; the maximum

S-wave splitting is about 0.9 Km/s (Weiss et al., 1999).

Anisotropic wave propagation can be induced externally by stress fields or intrin-

sically by the preferred orientation of minerals, by oriented cracks, or by layering. In

seismic studies, we are in particular interested in the causes of anisotropy that are due to

the structure od the material itself; here, we refer to the anisotropy caused by the various

crystallographic orientations of the non-porous rock as “intrinsic anisotropy”. Among

the many other interesting properties of natural rocks, anisotropy has become particu-

larly important following the development of seismology exploration and seismic sur-

veys. In fact, studies on the relationship between velocity anisotropy and pressure are

considered to be an important component of rock physics studies, particularly for those

rock types that primarily are thought to constitute the lithosphere. Anisotropy of P- and

S-wave velocity and Shear wave splitting are important characteristics of crustal and

mantle rocks.

It is essential that accurate interpretation of seismic velocity images of the lithosphere
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Figure 1.1: P-wave velocity anisotropy and shear wave splitting (km/s) of single crystal
olivine. Modified from Weiss et al. (1999)

in terms of lithology require a through knowledge of the seismic properties of the dif-

ferent rock types. Since Christensen (1965, 1966a) measured the compressional and shear

velocities of peridotites and dunites at hydrostatic pressures to 1 GPa (10 kb) and noted a

correlation between the degree of serpentinization with decreasing P-wave velocity, lab-

oratory measurement of seismic properties of rocks and minerals in high pressure and

temperature have greatly improved. Marine seismic data has detected velocity anisotropy

in shales and other sediments (Banik, 1984). Vertical seismic profile (i.e. well-bore seis-

mology) data (Kebaili and Schmitt, 1996) and cross borehole surveys have been used to

detect velocity anisotropy. Velocity anisotropy is also observed in laboratory scale exper-

iments on rock cores. Horen et al. (1996) explored this relationships between the degree of

serpentinization and P- and S-wave anisotropy again. In their study the magnitudes of

the P- and S-wave velocities linearly correlate with the serpentine content as estimated

from the mineral density. 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)] on shale and metamorphic

rocks has been devoted to the nature of P- and S-wave anisotropy in the Earth’s crust and

upper mantle.

In general, all minerals are anisotropic; textured rocks as aggregates of such min-

erals must also be anisotropic by this reasoning. In terms of seismic anisotropy, the

texture of the grains within a given rock are said to have a preferred crystallographic
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or lattice-preferred orientation. In crustal metamorphic rocks, anisotropy is similarly

caused by preferred orientation of the constituent crystals. The correlation between seis-

mic anisotropy and preferred mineral orientation is supported by the comparison of seis-

mic reflection data with laboratory measurements on cores taken from the study areas of

Christensen and Salisbury (1979). It is also important to further understand the relation-

ship between the rock texture and the velocity anisotropy. More specially, the symmetry

of the sample’s texture will influence the severities and characters of the anisotropy ob-

served. Bachman (1979) found in cores from the deep-sea drilling project. Jones and Nur

(1982) reported laboratory P-wave anisotropy of mylonitic rocks. The seismic anisotropy

was controlled by the degree of lattice-preferred orientation of phyllosilicates. Cholach

et al. (2004) investigated two representative suites of metamorphic rocks from Flin Flon

Belt, Saskatchewan. Analysis of the P-wave anisotropy of these samples indicates that

studied metamorphic rocks have transversely isotropic or orthorhombic elastic symme-

try. The observed seismic anisotropy is directly related to the visible texture.

Anisotropy is also produced by both oriented crack porosity and by deviatoric stress

states. Birch (1960, 1961) made the measurement of velocities to 10 kb, and suggested

that the non-linear increase in velocity at low confining pressure could be attributed

to the closure of pores, cracks and micro-fractures. Nur and Simmons (1969) found that

anisotropy could be created in rocks by subjecting them to non-hydrostatic state as might

be found in the earth. Deviatoric stress fields are known to influence the elastic properties

of rocks. This fact is important to the interpretation of crustal seismic data and labora-

tory measurements because stress will influence seismic velocity. This stress dependent

anisotropy is primarily produced by orientated microcracks within the rock mass. For

example, cracked rocks that are intrinsically isotropic at room temperature will exhibit

velocity anisotropy that depends on the elastic properties of the matrix, the porosity, the

aspect ratios of the cracks, and the bulk modulus of the pore fluid (Nur, 1971; Anderson

et al., 1974; Crampin, 1978, 1981) when subject to non-hydrostatic stresses. Laboratory

measurements of ultrasonic wave velocities in most rock samples demonstrate that ve-

locity increases with confining pressure. At low pressure, this effect is attributed to the

progressive closure of microcracks with increasing pressure (Vernik and Nur, 1992; Vernik,

1993; Johnston and Christensen, 1995). The seismic anisotropy rises or decreases with con-

6



1.2. WHY ELASTIC ANISOTROPY MEASUREMENTS ARE IMPORTANT

fining pressure at the low-pressure range (less than 300 MPa). The closure of microcracks

can either reinforce or attenuate the anisotropy due to lattice-preferred orientation of

rock forming minerals (Ji and Salisbury, 1993a; Ji et al., 1993b). If the cracks are preferen-

tially aligned, some forms of anisotropy symmetry are produced. Orientated cracks are

also important in crustal seismic studies, and it has been suggested these are an indica-

tor 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 showed that if the seismic wavelength is large relative to the typical crack

spacing, the cracked medium is transversely isotropic with a horizontal 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.

Peridotite is an ultramafic rock made of Mg-rich olivine and lesser amounts of py-

roxene, usually both Ca-Mg-rich clinopyroxene and Ca-poor, Mg-rich orthopyroxene.

The ubiquitous serpentinization of peridotites on the sea floor is due to interaction with

seawater at temperatures that can reach 500 oC. The provenance of exposed oceanic peri-

dotite is believed to be the upper mantle; serpentinized peridotite found within uplifted

fragments of ancient oceanic lithosphere (ophiolite) may represent a metamorphic or ig-

neous protolith (Gass et al., 1984). There have been numerous studies on peridotites due

to their importance in the earth. Peridotite are thought to be the major petrologic type in

the upper mantle. Surface observation of teleseismic shear wave splitting, in particular,

are often interpreted as being produced by textured peridotites. Since the middle of last

century, Hess (1964) first reported evidence of P-wave velocity anisotropy of the oceanic

upper mantle. This azimuthal anisotropy is also observed in the upper mantle from

Rayleigh and Love waves. Hess (1954) believed these rocks to be of mantle origin and to

be related to basalt genesis. Nicholas and Christensen (1987) described the main source of

the high anisotropy observed in the mantle of the earth. They showed that plastic defor-

mation resulting from simple shear on minerals preferably align the crystals; therefore,

mantle flow directly results in seismic anisotropy. Kern (1993) showed that macroscopic

anisotropy of P- and S-wave velocities is strongly controlled by olivine in serpentinized

peridodites and by the serpentine lattice preferred orientation in serpentinite in labora-

tory seismic measurements. In his work, the rock fabrics were determined with U-stage
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measurement on an X-ray texture goniometer. For the interpretation of shear wave split-

ting, the direction of wave propagation in relation to the LPO of the major minerals and

to the symmetry of their lattice fabric is of great importance.

Acoustic-wave anisotropy observed (Christensen and Landquist, 1982; Kern, 1993; Horen

et al., 1996) on peridotite from the upper mantle is consistent with the anisotropy of their

dominant minerals (olivine and orthopyroxene) and their statistical orientation distribu-

tion. Dewandel et al. (2003) compared laboratory measurement and calculation of elastic

properties. The results showed that P- and S-wave velocities in Oman serpentinized

opiolite are mainly controlled by the mineral orientations. The penetrative serpentine

network does not affect directly the geometry of seismic anisotropy, but contributes indi-

rectly in the fact that this network controls the microcrack orientations. The extrapolation

of their calculated model also suggests that increasing degree of serpentinization will in-

crease the seismic anisotropy contrary to Horen et al’s and measurements to be presented

later.

The serpentinization of peridotite profoundly affects its seismic wave velocity, anisotropy,

density, and electrical properties. While seismic velocity is roughly proportional to the

degree of serpentinization (i.e. the relative volumetric abundance between serpentine,

unaltered olivine, and pyroxene), other parameters such as the presence of fractures may

also be important. Accurate estimations of the lithology of the oceanic crust are impor-

tant to obtain constraints on magmatic production along mid-ocean ridges (White et al.,

1992), the mechanical properties of the oceanic lithosphere (Escartı́n et al., 1997, 2001), or

the distribution of alteration with depth.

One major difficulty in the interpretation of the nature of the lower crust in these

seismic profiles is the similarity in the P-wave velocities between gabbros and partially

serpentinized peridotites (Horen et al., 1996). The earlier laboratory seismic measure-

ments on ultramafic rocks are listed in table 1.1. Some differentiation may be possible on

the basis of S-wave velocities (Christensen and Salisbury, 1979; Christensen, 1996). How-

ever, there are few seismic profiles that provide well-constrained in situ Vp and Vs data;

and even in these cases the data do not allow for an unequivocal discrimination between

gabbro and serpentinized peridotite (Carlson, 2001).
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Table 1.1: Earlier laboratory seismic measurements in ultramafic and mafic rocks
P wave S wave P / T density reference

Vmax Vmin Anisotropy Vmax Vmin Anisotropy (MPa/oC) (g/cm3)
Rock [Km/s][Km/s] (%) [Km/s] [Km/s] (%)

Harzbugite 7.91 7.7 2.7 200/room 3.37 Birch, 1960
(Bushveld)

Dunite 7.68 7.49 2.9 200/room 3.24 Birch, 1960
(Webster N.C.)

Dunite 8.85 7.92 11.1 200/room 3.31 Birch, 1960
(Wash.)

Serpentinite 5.88 5.65 4 200/room 2.6 Birch, 1960
(Theford)

Serpentinite 6.12 6.05 1.1 200/room 2.71 Birch, 1960
(Cal.)

Serpentinite 5.03 4.56 9.9 2.35 2.21 6.1 200/room 2.52 Christensen, 1966a,b
(Cal.)

Peridotite 1 6.24 5.77 7.8 3.04 2.86 6 200/room 2.75 Christensen, 1966a,b
(Cal.)

Peridotite 6 7.25 7.12 1.8 4.04 3.92 3 200/room 3.14 Christensen, 1966a,b
(Cal.)

Peridotite 1 7.85 7.45 5.2 4.31 3.91 9.6 200/room 3.29 Christensen, 1966a,b
(Hawaii)
Dunite 8.96 8.22 8.7 4.83 4.38 9.7 200/room 3.33 Christensen, 1966a,b
(Wash.)

Peridotite 475 8.67 8.12 6.3 4.75 4.68 1.3 600/20 3.32 Kern, 1993
(Italy) 8.37 7.84 6.3 4.55 4.51 1.8 600/600 3.27 Kern, 1993

Serpentinite 987 7.92 6.11 26.4 3.86 3.19 18.5 600/20 2.74 Kern, 1993
(unknown) 7.92 5.84 29.3 3.71 3.03 19.6 600/500 2.72 Kern, 1993

PS4 5.86 (ave.) 1 3.08 (ave.) 2 atm./room 2.71 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)
Cube π 6.6 6.3 4.7 3.5 3.3 5.9 600/room 3.29 Dewandel et al., 2003
Cube σ 6.6 6.2 6.2 3.5 3.1 12 600/room 3.29 Dewandel et al., 2003

(Oman ophiolite)
90VS53b 7.08 (ave.) 2.7 4 (ave.) 3.25 200/room 3.24 Barruol, 1993

(Ivrea gabbro)

1.3 Causes of magnetic anisotropy

The origin of magnetism lies in the orbital and spin motions of electrons and their mutual

interactions with one another. Different types of magnetism characterize the responses of

the different materials to magnetic fields. Generally speaking, all materials are to some

degree magnetic, however, some materials are significantly more magnetic than others.

The main distinction is that in some materials there is no collective interaction of atomic

magnetic moments, whereas in other materials there is a very strong interaction between

atomic moments. There are three kinds of magnetic minerals in rocks, that is, ferrimag-

netic (usually in accessory phase), paramagnetic, and diamagnetic minerals. Most ig-

neous and metamorphic minerals are paramagnetic; in very weakly magnetic rocks, dia-
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magnetism can dominate the magnetic properties (Owens and Rutter, 1978; Hrouda, 1986).

All mineral grains within a rock contribute to its total susceptibility, but their individual

influence depends on their intrinsic susceptibility as well as on their concentration. On

the basis of the relationship between mineral concentration and the susceptibility of rock,

while paramagnetic minerals is as common constituents (10%) , Tarling and Hrouda (1993)

suggested that:

• the susceptibility and magnetic anisotropy carrier of rock are primarily the ferri-

magnetic fraction, if its susceptibility greater than 5×10−3 (SI);

• the susceptibility and magnetic anisotropy carrier of rock are primarily the para-

magnetic fraction, if its susceptibility less than 5×10−4 (SI);

• the susceptibility and magnetic anisotropy carrier of rock are both the paramagnetic

and the ferrimagnetic, if a mean susceptibility in the range of 5×10−4 to 5×10−3 (SI);

Magnetic susceptibility K is defined by M = K ×H , where M is the induced magne-

tization of the material and H is the inducing magnetic field. As both M and H are ex-

pressed in amperes per meter, the volumetric magnetic susceptibility K is dimensionless

(SI) while mass susceptibility χ = K/ρ is in cubic meters per kilogram. Susceptibility

varies in the general case according to the strength of the H field and temperature. It

may also vary with the measurement direction resulting in a non-parallelism between

H and M vectors. For a single particle the influence of the crystal structure and the

shape of the grains on the direction of magnetization produce magnetic anisotropy; for

multi-domain-sized particles, domain theory plays another important role. Magnetic

anisotropy strongly affects the shape of hysteresis loops and controls the coercivity and

remanence (Tarling and Hrouda, 1993).

As mentioned earlier, magnetic properties arise from the motion of electrically charged

particles at the atomic scale. Thus, an electron has a magnetization that is associated with

its axial spin and also one due to its orbital motion around a nucleus. That means all ma-

terials have magnetic properties at temperatures above absolute zero (0o K). The idea

that the anisotropy of the magnetic susceptibility (AMS) can be used as a gauge of petro-

fabric is similar to that for elastic anisotropy: rocks will have magnetic fabric due to the
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preferential orientation of anisotropic magnetic minerals. In most rock forming minerals,

the preferred orientation of their crystallographic axes and the grain shape determine the

magnitude and direction of the AMS. The bulk susceptibility and its anisotropy represent

a summation of the susceptibility of all the mineral species present in a sample.

The directional variability in magnetization is termed magnetic anisotropy. The mag-

netic anisotropy of rocks was first probably 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). In the study of rock fabrics, low field2 magnetic susceptibil-

ity anisotropy may be described using an oriented ellipsoid (Kmax, Kint, and Kmin or

K1, K2, and K3). The magnetic anisotropy has been used for this field successfully over

last decades (Girdler, 1961; Jelinek, 1978; Hrouda, 1982; Rochette et al., 1992; Borradaile and

Henry, 1997; Borradaile, 2001) (Figure 1.2). The study of the rock 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. The anisotropy of magnetic anisotropy depends on the anisotropy of grain

particles themselves and on their degree of alignment. Many authors have reviewed

the principles and applications related to anisotropy of low field magnetic susceptibil-

ity (Hrouda, 1982; Borradaile, 1988; Jackson, 1991; Tarling and Hrouda, 1993; Borradaile and

Henry, 1997).

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

of velocity studies, and of magnetic phenomena. Seismic velocity and anisotropy mod-

eling based on single crystal values or the constituent minerals can be compared with

laboratory measurements later, which offer another approach to assess the anisotropic

properties of rocks; similarly, magnetic fabric from AMS measurement could be com-

2Usually, inducing magnetic field less than 1 mT.
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Figure 1.2: 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)

pared with AMS computation by considering their crystal properties and volume frac-

tion in future work.

Despite this ubiquitous characteristic of rock, few studies have examined the rela-

tionship between seismic and magnetic anisotropy. Various authors have investigated

and focused their research on the relationship between mineralogical and magnetic fab-

rics. However, few studies deal with the related problem of the relationship between the

anisotropy of magnetic susceptibility and seismic anisotropy, despite numerous observa-

tions that petrofabric is closely related to both micro-crack and lattice-preferred orienta-

tion (LPO) which are often the dominant sources of seismic anisotropy. It is reasonable

to suggest that the LPO and assembly of minerals similarly will influence the magnetic

fabrics and the AMS. The second motivation for this study is to assess to what degree

elastic and magnetic anisotropies are related in serpentinized peridotites. A relationship

between these two 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 sys-

tematic magnetic fabric changes in various anisotropic media and construct a database
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of experimental data for numerical modeling. The 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 labo-

ratory measurements and, (2) anisotropy of magnetic susceptibility laboratory measure-

ments. Both procedures and results will be described, compared and discussed for a

group of serpertinized dunite and harzburgite samples from the Pindos and the Vouri-

nos Ophiolite in Greece (Figure 1.3).

1.5 Geological background

Ophiolites are considered to be masses of oceanic crust and upper mantle rocks, where

there is a distinctive sequence of magmatic, sedimentary, and metamorphic rocks formed

in an oceanic environment (Best, 2003). In this study, we select a suite of samples from

the Pindos and the Vourinos ophiolite (Greece), with densities ranging from 2.6 to 3.28

g/cm3, corresponding to degrees of serpentinization of 2.3 % to 87.9 % (estimated by

linear relation between density and serpentinization, Christensen (1966b)). These rocks

represent, to our knowledge, one of the most complete suites of peridotites with system-

atic variations in the degree of serpentinization available. We have primarily selected

dunite samples, whose main mineral phases are therefore olivine and its derivative prod-

uct serpentine, with minor accessory minerals such as magnetite and other oxides. In the

weakly altered dunites, serpentine tends to form primarily along fractures that crosscut

olivine grains, and therefore displays a serpentine net distribution (see thin sections in

Appendix). This may mimic the principal rock texture to some extent. With an increasing

degree of serpentinization, the alteration is more homogeneously distributed following

cracks that break up individual olivine grains.

The Pindos and Vourinos ophiolites are part of the Dinaric-Hellenic ophiolite belt out-

cropping along the Northeastern Mediterranean (Figure 1.3(a)). These ophiolites formed

during the Middle Jurassic (Smith, 1993). They were emplaced shortly after their forma-
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(a)

(b)

Figure 1.3: Top: Sample location map in Greece. Bottom: Lithological distribution map
of Pindos and Vourinos ophiolites (after Rassios et al., 2000; by courtesy of J.Escartin).
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Table 1.2: The sampling location of Pindos and Vourinos ophiolites
Sample Latitude(oN) Longitude(oE) Site
P03 39.9243 21.1328 Valia Kaldia
P04 39.9123 21.1517 Bottom Valia Kaldia
P08 39.9633 21.146 Loumnitsa Valley
P11 39.9667 21.1532 Loumnitsa Valley
P12 39.9531 21.1573 Top of Dramala
P13 39.9427 21.1645
P16 39.9696 21.194
V03 40.1555 21.6655 Voidolokkos, N Varis (∼4 km)

tion and dismembered both during their obduction and by later tectonism (Rassios, 2000).

The Vourinos ophiolites are composed primarily of harzburgite and associated dunite 3,

which are locally deformed. The Vourinos ophiolite shows the most complete stratig-

raphy (∼12 km in thickness, with ∼5 km of crust), including peridotite, gabbro, and a

well-developed dykes section. The Pindos ophiolite is less 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). Rock

blocks used in this study were selected from samples obtained during a fieldwork season

in 2000 by Escartı́n and Mével. The sampling locations are in table 1.2. Dr. Escartı́n will

use the samples in later deformation experiments.

Figure 1.3(a) shows selected ophiolites from the Hellenic Arc in Greece and Albania

(green areas). Figure 1.3(b) is the map of the Pindos and Vourinos ophiolites (Rassios,

2000). The Vourinos ophiolite shows a continuous stratigraphy, while tectonicsm 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.

Location of sampling sites are indicated by black dots and corresponding labels.

3harzburgite composed of orthopyroxene, 40-90% olivine and <10% clinopyroxene; dunite containing
olivine and pyroxenes, >90% olivine.
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Chapter 2

Elastic-wave velocity and anisotropy

2.1 Introduction

The intrinsic elastic rock properties are important information in seismic interpretation

and modeling. They provide indication of the underlying symmetry; and here texture of

the rock. As well, the elastic constants control the degree of anisotropy of the rocks which

can be on the order of 10 % or more. Velocity anisotropy is essentially related to the elastic

properties of materials. However, despite this importance 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 106 Hz,

considering the large gap between the two in terms of frequency and scale.
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There have been many previous attempts at determining the anisotropy of various

materials; and the use of ultrasonic methods of measuring compressional and shear

elastic wave velocities has been the preferred method employed. In early studies of

anisotropy, many of the materials investigated were of simple structure (e.g. highly sym-

metric cubic or hexagonal) with a simple elasticity 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 disturbance transmitted through a known thick-

ness of the sample is measured in order to provide the velocity. In an early study on rock,

Kaarsberg (1959) found that the velocities both parallel and perpendicular to the bedding

increasing with density in shale. The use of elastic wave velocity to determine veloc-

ity anisotropy and elastic coefficients has been popular in the laboratory experiment for

the last decades (Pros and Babuska, 1967; Van Buskirk et al., 1986; Cheadle et al., 1991; John-

ston and Christensen, 1995; Mah and Schmitt, 2001, 2003; Cholach et al., 2004). Johnston and

Christensen (1995) used the pulse transmission technique to cores of shale being taken 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 mea-

surements, the elastic constants of the rocks were determined. Similarly, Vernik and Nur

(1992) and Hornby (1996) measured P-wave and S-wave velocities of cores cut parallel,

perpendicular, and 45 degrees to the bedding surface and determined the elastic con-

stants of rock at pressure. The relationships between elasticity and anisotropy allow for

the determination of the elastic properties from the measured velocities and densities.

The methods of experimental determination of the elastic coefficients of anisotropic ma-

terials were reviewed extensively by Mah and Schmitt (2001, 2003).

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
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(i.e. direction of particle motion) can be in any direction normal to the wave propagation

direction; and consequently, no shear splitting is allowed.

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 medium. In optical mineralogy, the rock-forming

materials of these systems are optically anisotropic. That is, the velocity of light is dif-

ferent in different directions in these materials. The different systems can be separated

in terms of axes, planes, or a center of symmetry. In seismic study, 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 re-

lationships between directions of the polarization and wave propagation. Two distinct

shear waves will, generally, propagate in nearly all propagation directions. The polar-

izations of these two shear waves will cause differences in their time of arrival. This

birefringent phenomenon is commonly known in the geophysical community as shear

wave splitting (SWS).

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 give a simple review of elasticity theory and its linkages to

velocities; and then, a detailed study is presented on the ultrasonic properties of the ser-

pentine samples. I will show laboratory measurements on samples from the Pindos and

the Vourinos opholites (Greece) to see how the serpentinization affects seismic velocity

and anisotropy.

2.2 Brief review of elasticity theory

The fundamental relationships between elasticity and anisotropy have been comprehen-

sively described by Fedorov (1968); Musgrave (1970); Auld (1990). The following is only a
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Table 2.1: The cyclical recipe for transformation from full to Voigt notation
indice ij, kl 11 22 33 23 or 32 31 or 13 12 or 21
indice m, n 1 2 3 4 5 6

brief summary. The main purpose of this section is to highlight the difference between

P- and S-wave velocities and the material’s elastic properties. The quantitative measure-

ment of such velocities and density consequently yield the elastic properties directly. The

characteristics of elastic wave velocities including anisotropies revealed a large amount

of intrinsic information of rocks, which imply that the anisotropies of wave velocities

are closely related to rock composition, texture, and lattice-preferred orientation. The

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 convention1 will be used in

(Eq.2.1):

σij = cijklεkl (2.1)

Where σij and εkl are the second order stress and strain tensors, respectively (Musgrave,

1970); cijkl is the forth rank elasticity tensor whose components are the elastic stiffnesses

which we take here to be constants.

The elasticity tensor cijkl fully describes the elastic properties of anisotropic crystals

or solids. Since the elasticity tensor cijkl has 4 indices, each of which goes from 1 to 3,

the elasticity tensor has 34 = 81 elements. The symmetries in the stress and strain ten-

sors reduces the 81 elements of the components of stiffness cijkl to only 36 independent

elements. Then, consideration of thermodynamics principles that the internal energy of

a material can only increase during a compression further reduces cijkl 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-

1Einstein 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.
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venience is written as a second-order symmetric Voigt matrix (Nye, 1957; Musgrave, 1970;

Thomsen, 1986; Winterstein, 1990) in (Eq.2.2):

cijkl = Cmn(i, j, k, l = 1, 2, 3;m,n = 1, ..., 6) (2.2)

According to the rule (Vestrum, 1994), the stiffness tensor cijkl can be transformed to

Cmn in Eq.2.2:

m =





i, if i=j ;

9− (i + j), if i6=j .
(2.3)

n =





k, if k=l ;

9− (k + l), if k6=l .
(2.4)

Or, according to the cyclical recipe (table2.1):

This allows the generalized Hooke’s Law to be simplified from Eq.2.1 to a simple

matrix and vector equation:

σm = Cmnεn (2.5)

Where σm and εn are 6×1 vectors containing the six independent components of the

stress and the strain tensors, respectively. The stiffness tensor cijkl can be represented as

a symmetric 6×6 matrix Cmn with 21 independent components.

For example, C1133 become C13 and C1323 or C1332 become C54. Explicitly, this may be

written: 


σ1

σ2

σ3

σ4

σ5

σ6




=




C11 C12 C13 C14 C15 C16

C21 C22 C23 C24 C25 C26

C31 C32 C33 C34 C35 C36

C41 C42 C43 C44 C45 C46

C51 C52 C53 C54 C55 C56

C61 C62 C63 C64 C65 C66







ε1

ε2

ε3

ε4

ε5

ε6




(2.6)

Further, ε4 = 2ε23, ε5 = 2ε13, ε6 = 2ε12. Each Cmn is one of the components of a 6×6

symmetric matrix that can only have 21 independent stiffnesses. However, this is the
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most general triclinic case in which there is no symmetry. It is useful to examine briefly

how the elastic tensor Cmn appears with increasing symmetry.

Those components below the diagonal are same, because the matrix in Eg.2.6 is sym-

metric about the diagonal. The number of independent elastic constants depends on the

elastic symmetry of the medium. The number of independent elastic constants required

with the different symmetries is given in table 2.2.

We need two independent constants (λ and µ) for isotropic symmetry (Eq.2.7). Ex-

plicitly in an isotropic medium the coefficients will be C11 = C22 = C33 = λ + 2µ,

C44 = C55 = C66 = µ, and C12 = C21 = C13 = C31 = C23 = C32 = λ:

[C] =




λ + 2µ λ λ 0 0 0

λ λ + 2µ λ 0 0 0

λ λ λ + 2µ 0 0 0

0 0 0 µ 0 0

0 0 0 0 µ 0

0 0 0 0 0 µ




(2.7)

In a cubic medium the coefficients (Eq.2.8) will be C11 = C22 = C33, C44 = C55 = C66,

and C12 = C21 = C13 = C31 = C23 = C32. 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 noting 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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Table 2.2: Symmetries and the number of elastic constants required
Elasticstiffness Isotropic Cubic Hexagonal Orthorhombic Monoclinic Triclinic

C11 λ + 2µ C11 C11 C11 C11 C11

C22 λ + 2µ Same as C11 Same as C11 C22 C22 C22

C33 λ + 2µ Same as C11 C33 C33 C33 C33

C44 µ C44 C44 C44 C44 C44

C55 µ Same as C44 Same as C44 C55 C55 C55

C66 µ Same as C44 C66 C66 C66 C66

C12 λ C12 C11 − 2C66 C12 C12 C12

C13 λ Same as C12 C13 C13 C13 C13

C23 λ Same as C12 Same as C13 C23 C23 C23

C14 0 0 0 0 0 C14

C15 0 0 0 0 C15 C15

C16 0 0 0 0 0 C16

C24 0 0 0 0 0 C24

C25 0 0 0 0 C25 C25

C26 0 0 0 0 0 C26

C34 0 0 0 0 0 C34

C35 0 0 0 0 C35 C35

C36 0 0 0 0 0 C36

C45 0 0 0 0 0 C45

C46 0 0 0 0 C46 C46

C56 0 0 0 0 0 C56

velocities in different directions.

[C] =




a b b 0 0 0

b a b 0 0 0

b b a 0 0 0

0 0 0 c 0 0

0 0 0 0 c 0

0 0 0 0 0 c




(2.8)

In the hexagonal (TI) medium (Eq.2.9, x = (a − b)/2) the independent elastic coeffi-

cients will be C11 = C22, C33, C44 = C55, C66 = (C11 − C12)/2, C13 = C31 = C23 = C32.
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For this case, 5 independent constants are required (Musgrave, 1970).

[C] =




a b c 0 0 0

b a c 0 0 0

c c d 0 0 0

0 0 0 e 0 0

0 0 0 0 e 0

0 0 0 0 0 x




(2.9)

In the orthorhombic medium (Eq.2.10) 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.

[C] =




a b c 0 0 0

b d e 0 0 0

c e f 0 0 0

0 0 0 g 0 0

0 0 0 0 h 0

0 0 0 0 0 i




(2.10)

The number of elastic constants required for some of other forms of symmetry are

also listed in table 2.2. However, the cases of the greatest relevance to rocks when using

such a texture and consideration will include isotropic, hexagonal (TI), and orthorhom-

bic. Isotropy would be represented of a rock in which all the structural features were

randomly oriented. A TI symmetry is often found in layered sedimentary rocks. Finally,

orthorhombic symmetry can be generated by the mineralogic orientation in a foliated and

lineated metamorphic rocks. One can envisage rock of even lower symmetry by introduc-

ing families of oriented microcrocks into a rock mess that is intrinsically orthorhombic.
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Table 2.3: Elastic stiffnesses of minerals at room P / T
Cij(GPa)

Mineral C11 C22 C33 C44 C55 C66 C12 C13 C14 C23 C15 C25 C35 C46

Forsterite 328 200 235 66.7 81.3 80.9 69 69 0 73 0 0 0 0
Enstatite 225 178 214 77.6 75.9 81.6 72.4 54.1 0 52.7 0 0 0 0
Augite 182 151 218 69.7 51.1 55.8 73.4 72.4 0 33.9 19.9 16.6 24.6 4.3

Hornblende 116 160 192 57.4 31.8 36.8 44.9 61.4 0 65.5 4.3 -2.5 10 -6.2
Brucite 157 157 46.3 21.7 21.7 56.3 44.4 12 0.2 12 - - 0 -

Lizardite - - - - - - - - - - - - - -
Clinochlore - - - - - - - - - - - - - -

Clinochrysotile - - - - - - - - - - - - - -
Magnetite 275 275 275 95.5 95.5 95.5 104 104 0 104 0 0 0 0

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

treated as triclinic (Eq.2.11) which is characterized by 21 independent elastic constants

(Musgrave, 1970):

[C] =




a b c d e f

b g h i j k

c h l m n o

d i m p q r

e j n q s t

f k o r t u




(2.11)

The single-crystal elastic stiffness, chemical formula and density of the minerals re-

lated to this study are listed in table 2.3 and 2.4 (Bass, 1995; Nickel and Nichols, 1991). We

can compare our laboratory and calculated results with these published results. Unfor-

tunately, there is no information available on the serpentine minerals to our knowledge.

2.3 Relationship between anisotropic velocities and elastic stiff-
ness

We do not observe directly the elastic moduli, they must be indirectly determined either

by static stress-strain test or by measuring the material velocities in different direction

through the material. In this section, we provide an overview of the mathematical basis
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Table 2.4: Density, symmetry, and chemical formula of minerals
Density

Mineral Symmetry Formula (Mg/m3)
Forsterite Ortho. Mg2SiO4 3.221
Enstatite Ortho. (Mg, Fe)SiO3 3.198
Augite Mono. (Ca, Mg, Fe)2(Si, Al)2O6 3.32

Hornblende Mono. Ca2(Mg, Fe, Al)5(Si, Al)8O22(OH)2 3.12
Brucite Rhombo. Mg(OH)2 2.38

Lizardite Hexa. Mg3Si2O5(OH)4 2.5
Clinochlore Tri. (Mg, Al)6(Si, Al)4O10(OH)8 2.7

Clinochrysotile Mono. Mg3Si2O5(OH)4 2.55
Magnetite Cubic Fe3O4 5.206

for connecting observed velocities and densities to elastic moduli. The section ends with

the simple relationships between the elastic moduli and velocities measured during the

symmetry axes of an orthorhombic material as one example.

The equations of motion in terms of the components of the displacement ui using

Einstein’s indexing notation may be written as (Helbig, 1994):

ρüi = σij,j = cijklεkl,j = cijkluk,lj (2.12)

Where ρ is the mass density, ui is the ith component of the displacement, and sub-

scripts after the coma indicate differentiation with respect to the corresponding direction.

The wave equation (2.12) 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:

(cijklβlβj − δikρν2)αk = 0 (2.13)

Here βi is a unit vector in the direction of the wave normal, ν is the phase velocity

of an elastic wave propagating in the direction of βi, δik is the Kronecker delta. Elastic

wave velocities can be calculated from the well-known elastic constants by solving this

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 (2.13) which is:

det(cijklβlβj − δikρν2) = 0 (2.14)
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Equation (2.14) is commonly given in the form of Christoffel’s characteristic equation:

det(Γik − δikρν2) = 0 (2.15)

The matrix Γik is called the ”Kelvin-Christoffel matrix” .

cijklβlβj = Γik (2.16)

An eigenvalue solution of equation (2.15) for any slowness direction n yields three

positive values of the squared phase velocity ν2, 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., 2004).

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

from a seismic source the plane wave approximation is acceptable. Quite often, veloc-

ities are only measured in direction parallel to the symmetry axes of a material. The

independent off-diagonal elastic stiffness cannot be determined given only the values

of velocities measured along the symmetry axes. However, within planes of symmetry

and along principal axes, the wave behavior and the formula linking velocities 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 the different formulas depending on different cases. Here only the formulas for

orthorhombic symmetry are given as an example following Cholach et al. (2004). It is

useful to refer to Figure 2.1. 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 denoted by YX and YZ, respectively.

Those propagating in the Z direction will have polarization ZX and ZY, see Figure 2.1. As

such only six of the nine existing elastic constants may be determined by measurements

taken along the symmetry axes of orthohombic materials. Orthorhombic is likely to be

26
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Figure 2.1: The method of mutually orthogonal plugs for measuring velocity and
anisotropy (After Cholach and Schmitt, 2004). First subscript represents the direction of
wave propagation while second subscript represents the direction of the wave’s particle
displacement or polarization direction

mostly complex symmetry intrinsically in a rock and the often two case of isotropy and

tranversely isotropy could be deduced from this.

C11 = ρV 2
xx, C22 = ρV 2

yy, C33 = ρV 2
zz, C44 = ρV 2

yz, C55 = ρV 2
xz, C66 = ρV 2

xy, (2.17)

2.4 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 particular study, the P- and S-wave velocities exhibit a weak anisotropy causing by
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micro-crack network and the lattice preferred orientation (LPO) of the minerals in the

sample.

2.4.1 Sample preparation

These samples were not selected for the study of the Pindos and Vourinos ophiolites per

se, but were acquired to be used in high pressure and temperature rheologic studies by

Dr. J. Escartı́n. As such, these samples are more olivine rich than conventional peri-

dotites. The reason for this selection was to be able to carry out the rheological studies on

a simple system (i.e. mostly olivine and serpentine family minerals). Further, the sam-

ples have small microcrack porosity as well be mentioned shortly. Samples are cut from

outcrops of the Pindos and Vourinos Ophiolite (Greece). The sample plugs were drilled

at the mutually orthogonal directions as illustrated in Figure 2.1, along one or two of the

three axes of symmetry as the hand sample dimensions allowed. In this example study,

the cores were drilled from the rock specimen in directions with respect to visible textural

features.

Using the similar idea to Johnston and Christensen (1995), the relationship between

the orientation of the sample and the foliation can be, roughly, identified by variations

in the strength of the X-ray diffraction peaks observed from thin sections cut from the

sample at different orientations. Here it is useful to look at the X-ray peaks for the or-

thorhombic forsterite [020] plane; the monoclinic clinochrysotile [002] and [004] planes;

and the hexagonal brucite [001] plane. Figure C.2 (the most anisotropic) and Figure C.6

(the least anisotropic) are illustrative. The X-ray diffraction in the first cut parallel to

foliation produces strong forsterite [020], clinochrysotile [002], [004], and brucite [001]

peaks. In contrast, these peaks are weak in the second cut perpendicular to foliation. In

olivine-rich peridotite, there is known to be a correlation of the olivine [010]-axis normal

to the foliation plane (parallel to the Z-axis in Figure 2.1), and the [100]- and [001]-axis

parallel to the foliation plane (Nicolas and Poirier, 1976; Kern, 1993; Dewandel et al., 2003).

This is not to say that the visible rock texture with high ratios are exactly in direction

of the foliation, but they are relatively close. The intensity of X-ray peaks indirectly de-

scribes the relations among the orientation of the plugs, the visible rock texture, and the

rock foliation. The mineralogic composition from X-ray diffraction and orientation of the
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Figure 2.2: Crystal shape and symmetry of representative minerals modified from Deer
(1992); velocity data from Weiss et al. (1999)

core plugs are shown in table 2.5 due to complications in determining the different types

in serpentine group. The crystal shape and symmetry of major minerals in serpentinized

peridotite are shown in Figure 2.2.

The diamond-cut cylindrical cores were 2.54 cm in diameter with lengths ranging

from 3.0 to 6.0 cm. When each uncut specimen dimension allowed, one core was cut per-

pendicular to the foliation plane and at least another cut parallel to the foliation plane.

The foliation used for planar fabrics depends on the grain size and the gross appearance.

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 investigate the heterogeneity within a given specimen.

The ends of these cores were flattened parallel using a surface grinder. Samples are pre-

pared by grinding both faces flat to within 0.01mm and parallel to within 0.1mm. After

cutting and flattening, the cores were dried in an oven for over 6 hours at a temperature of

800C at room pressure. Mass densities were obtained by the Archimedean displacement

method and MultiPycnometer (No. MPV-60 C) on these dried samples. The porosities of
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Table 2.5: The chemical composition and orientation of plugs
Density Plugs oriented to foliation

Sample (g/cm3) Parallel Perpendicular Major minerals identified by X-ray diffraction
P03-1 3.19 P03-1, P03-1B’ P03-1B Forsterite, Clinochrysotile, Enstatite
P04-2 2.87 P04-2 P04-2B Forsterite, Clinochrysotile, Enstatite
P08-3 3.06 P08-3B P08-3
P11-1 3.28 P11-1 P11-1B
P12-1 3.25 P12-1 P12-1B
P13-1 2.6 P13-1 P13-1B Clinochrysotile, Forsterite, Brucite
P13-2 2.6 P13-2 P13-2B
P16-3 2.82 P16-3B P16-3 Clinochrysotile, Forsterite, Augite, Magnesiohornblende
P 08-4 3.08 P08-4
V 03-7 2.95 V03-7

V 03-11 2.99 V03-11

Table 2.6: The density and porosity of plugs
Density(MultiPycnometer) Porosity Density(Archimedean)

Sample (g/cm3) (%) (g/cm3)
P03-1 3.24 1.5 3.19
P04-2 2.91 2 2.87
P08-3 3.09 0.3 3.06
P11-1 3.33 1.2 3.28
P12-1 3.29 1.7 3.25
P13-1 2.62 2.4 2.6
P13-2 2.63 0.6 2.6
P16-3 2.88 0.6 2.82
P 08-4 3.08 - 3.08
V 03-7 2.96 - 2.95

V 03-11 2.97 - 2.99

the samples were obtained by calculation from data by MultiPycnometer (No. MPV-60 C)

and Micromeritics (GeoPyc 1360). All densities and porosity are shown in table 2.6. The

porosity are typically less than 2 % at room temperature and pressure. This contention is

also supported by the relatively small dependence of the sample velocities to pressure as

will soon be shown. Further, no detectable permeability was found in these samples by

Escartı́n.

Thin sections identified the macrostructure and composition of the samples. Further,

SEM photos and X- ray diffraction were used to investigate the microstructure and com-

position of the rock and minerals. Photomicrography from the thin sections perpendic-

ular and parallel to the foliation illustrating the microstructure are shown in Figure A.1

to A.11 in the Appendix A. The results from X-ray diffraction and a comparison of such

response on thin section at mutually perpendicular orientations are shown Figure C.1 to
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C.8 in Appendix. The major minerals in the samples include forsterite from the olivine

group; serpentine group minerals; and enstatite and augite from the pyroxene group; a

few other minerals including brucite, clinochlore, and magnesiohornblende were found

only in P16-3, these help to explain its anomalously high magnetic susceptibility. We

note that it is difficult to distinguish 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.

The piezoelectric ceramics (2.54 cm diameter, 1-MHz frequency, P-wave transducers

or 18 × 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 more 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 with the sample. The S-wave ce-

ramics 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 placed in the pressure vessel. A state of hydrostatic confining stress

is achieved by increasing vessel pressure; the pressure medium was a hydraulic oil. All

experiments were conducted at ambient room temperature (∼ 25oC to ∼ 27oC).

Because of the small size of the outcrop specimens, only P 03-1 was large enough

to allow 3 cores to be cut. However, two of these were parallel in order to be used to

check heterogeneity. In most of other rock samples, only two perpendicular cores could

be drilled. The samples P 08-4, V 03-7, and V 03-11 were large enough for only one core

each, and did not allow any estimate of the anisotropy to be made.

2.4.2 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
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(200V) rapid rise-time (∼8 ns) step-pulse from a generator (model 5800, PANAMETRICS)

activates the mechanical vibrations in the source piezoelectric transducer. These mechan-

ical vibrations travel through the rock sample and are received at the end by the receiver

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 has travelled through the rock sample to the receiving

transducer.

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 the complete volume of rock cores. There are a number

of high speed digital oscilloscopes (GaGe, Model No. 400-586-203) that are used primar-

ily in ultrasonic measurements of P-wave and S-wave speeds through materials under

pressures as great as 300 MPa and at different temperatures. The transmitting piezoelec-

tric ceramic was activated by the fast rise-time high voltage pulse, which generated the

appropriate mechanical wave. Transmission through the serpentinites is generally strong

and as such no amplification was employed. The signals received by the oscilloscope are

recorded in the computer. Then, the Matlab programs are developed to pick the travel

time. In practice, we choose the first peak or trough to pick the first arrival. This pro-

vides a good estimation of the travel time, but also a cause of error in the velocity by

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 2.1). If the sample is

foliated but not obviously lineated, both X and Y directions are arbitrarily aligned in the

foliation plane.
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ANISOTROPY

Figure 2.3: Schematic showing acoustic experiment setup

In this study, the P- and S-wave velocities of rock samples are measured using the

pulse transmission technique (instrument setup shown in Figure 2.3). 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 were ac-

quired over the range of confining pressure from 0 to 300 MPa with an interval of 5 MPa

and back. Pressure is applied not so much to mimic insitu conditions but to close as

much of the micro-crack porosity in the rocks 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
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signal after correcting for the delay time.

V =
L

tT − tD
(2.18)

Where: V is P-wave or S-wave velocity; L is the length of the sample; tT is the travel

time of signal; tD is the delay time

2.4.3 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 (2.18):

4V =
∂V

∂L
4L +

∂V

∂tD
4tD +

∂V

∂tT
4tT (2.19)

And the absolute error can be evaluated as

4V = 4L

∣∣∣∣
1

tT − tD

∣∣∣∣ + L

∣∣∣∣
4tT

(tT − tD)2

∣∣∣∣ + L

∣∣∣∣
4tD

(tT − tD)2

∣∣∣∣ (2.20)

Where 4tT and 4tD are taken to be the oscilloscope’s time resolution of 125 million

samples per second (i.e., 8 ns per sample), and 4L 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,

4L can be less than 0.1 mm. Since tT − tD is in the range from 4.3 to 11 µs and is typically

near 7 µs for P wave in these experiments, for typical P wave velocity the error calculated

by the above equation to be± 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 tT − tD is in the range from 8 to 20 µs and typically near 14 µs,

then, the maximum absolute error4V 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.

2.5 Results and Discussion

In this study, P- and S-wave velocities have been measured on 20 cores in total (see table

B.1 to B.11). P-wave and two S-wave measurements were made on all the cores. Each
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sample requires one P-wave and at least two orthogonally oriented S-wave runs. In each

run, waveforms were acquired over the range of confining pressure from 0 to 300 MPa

and back with an interval of 5 MPa. A good deal of efforts goes into the core sample seal-

ing because the hydraulic oil would destroy the sample if it ever penetrate the package.

Despite our best efforts, this does on occasion happen. After each measurement each

core sample package is carefully examined for leakage. If these unexpected situations oc-

curred, the sample was cleaned and the whole process repeated again in order to achieve

the precise results. The data of velocities for all samples are provided in Appendix.

The results from one S-wave run consisting of 79 traces (i.e. the image of ampli-

tude with time at different pressures) highlights the well-known decrease in pulse transit

times and the increment in amplitude with increasing confining pressure (Figure 2.4).

Figure 2.5 is a graph of a S-wave pulse train taken from one of the waveforms imaged

in Figure 2.4. The pulse first extremum (here a negative polarity) was used to determine

the transit time and in Figure 2.5 this is the first trough. The S-wave waveforms acquired

in a complete pressure cycle are shown in Figure 2.6. An example of the velocities and

anisotropy measurements during both pressurization and depressurization is shown in

Figure 2.7 for sample P 12-1.

2.5.1 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. Because of the low

porosity, the values and slopes of velocities measured as the pressure increases and de-

creases are similar in this study (Figure 2.7). But, generally velocities measured as the

pressure is increased tend to be lower than those measured during depressurization. This

phenomenon has been 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 2.7. The Vp vs. pressure curves for all sam-

ples 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
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Figure 2.4: Waveform trace during one pressure cycle. Color bar corresponds to wave-
form amplitude (P 11-1)
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Figure 2.5: An example of typical shear wave trace from figure 2.4
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Figure 2.6: Acquired S-wave waveforms using pulse transmission method (sample P11-1,
ZY plane).

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 microc-

racks, and suggests that the microcrack porosity in these samples is small.

The degree of serpentinization of the samples has been estimated by mass density

measurement, using the linear relationship between density and serpentinization estab-

lished by Christensen (1966b, 1972). Basically, high mass density corresponds to low ser-

pertinization because of low-density feature of serpentine minerals. A comparison be-

tween sample P 03-1, which has only a low serpentinization (density 3.19 g/cm3; serpen-

tine ratio 13.6 %), and sample P 13-2 in Figure 2.8, which is highly serpentinized (density

2.6 g/cm3; 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

serpentiniztion exhibit more a pronounced rise in velocity, P-wave anisotropy, and dVp

dP

slope than the highly serpentinized samples at pressures less than 50 MPa. The thin sec-

tions of P 03-1 and P 13-2 are shown in Figure A.1 and A.8 in Appendix, which give a
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Figure 2.7: Measurements of velocities and anisotropy (P 12-1). Top: Velocities as pres-
sure increases. Bottom: Velocities as pressure decreases
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Figure 2.8: P-wave velocities vs. pressures in Z, and Y directions through sample P 13-2
and P 03-1

general image of rock texture as typical samples by high and low serpentinization degree

at the microscopic (×50) scale.

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

tion:

Vp = (Vp)0 + P (dVp/dP ) (2.21)

Where (Vp)0 is the projected zero pressure velocity and dVp

dP is the high-pressure slope.

(Vp)0 and dVp

dP for each sample are given in Table 2.7, with average dVp

dP varying from 4 to

9× 10−4km/s/MPa.

The average P-wave velocity, which is equal to [V yy + V zz]/2 in this study (for these

samples that allowed for multiple measurements), is shown as a function of pressure in

Figure 2.9. With increasing pressure, all the P-wave velocities rapidly rise in the low-

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, Vp(zz) < 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
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Figure 2.9: Mean P-wave velocities as a function of pressure at room temperature; aver-
age density following the sample name.

trend of decreasing velocity with decreasing density is apparent in Figure 2.10.

The densities were determined at room pressure because the effect of pressure on den-

sity is small for such low-porosity samples (< 2%). Figure 2.9 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.

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

A = 100%(Vmax − Vmin)/Vmean (2.22)
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Figure 2.10: Mean Vp vs. density at 200 MPa and room temperature (Errorbar range from
Vmin to Vmax; percentage is serpentinization degree)

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 2.11. 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 2.12):

Pattern 1: 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 2.12). This variation can be attributed

to the rapid closure of oriented cracks at low pressure that oppose the LPO anisotropy (Ji

and Salisbury, 1993a; Ji et al., 1993b). Pattern 2: 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 2.12). These

samples are mostly quasi-isotropic and highly serpentinized. The relationship between
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Figure 2.11: P-wave anisotropy vs. density at 200 MPa and room temperature

Vp anisotropy and confining pressure can be attributed to the closure of the oriented mi-

crocracks, which reinforce the anisotropy due to the lattice-preferred orientation (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 di-

rections.

2.5.2 Shear wave results

Table 2.8 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) and that evolves to a slower linear increase at higher pressure

(Figure 2.13). This character has been attributed to closure of microcracks in the samples
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Figure 2.13: Mean S-wave velocities as a function of pressure at room temperature; aver-
age density following the sample name

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 = (Vs)0 + P (dVs/dP ) (2.23)

Where (Vs)0 is the projected zero-pressure velocity (in km/s), and dVs
dP is the high-

pressure slope; (Vs)0 and dVs
dP for each sample are given in Table 2.8, with average dVs

dP

varying from 2 to 4.25× 10−4km/s/MPa at pressures above 50 MPa.

The mean shear-wave velocity in this study, defined as: [V yx + V yz + V zx + V zy]/4,

is plotted as a function of pressure in Figure 2.13. While the shear wave velocities are
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sensitive to microcracks and density, as noted above, the higher density samples (P 03-1,

P12-1, P11-1) display high average velocities (3.81 - 4.37 km/s, 200MPa). The samples

with high serpentinization degree (P 13-1 and P 13-2) display much lower average veloc-

ity (2.76 - 2.8 km/s, 200MPa).

Figure 2.14 illustrates the variation of S-wave velocity with density. The S-wave ve-

locities show the clear and constant increment with density.

Figure 2.15 illustrates the variation of S-wave anisotropy with density. There is not a

clear relationship between S-wave anisotropy and density.

Figure 2.16 illustrates the variation of the V p/V s ratio and Poisson’s ratio with den-

sity 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 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 the serpen-

tinization degree in Pindos and Vourinos Ophiolite. The Poisson’s ratio and Vp/Vs ratio

at 200 MPa are shown in table 2.9.
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Figure 2.15: S-wave anisotropy vs. density at 200 MPa and room temperature

The shear-wave anisotropy coefficient, As, is defined as:

As = 100%(V smax − V smin)/V smean (2.24)

Figure 2.17 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 this variation 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 pressure. 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 (4Vs) 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 2.7 and Figure 2.18 and 2.19, 4Vs, is sensitive to a variety

of factors, including pressure, overall mineralogy and propagation direction. The shear-

wave splitting of samples increase or decrease in low pressure (less than 50 MPa) depend-

ing on amount of microcracks and if their directions reinforce or oppose the anisotropy.

In the high-pressure field, 4Vs, roughly approaches a constant value, indicating that it is
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Figure 2.17: S-wave anisotropy vs. pressure; average density following the sample name

48



2.5. RESULTS AND DISCUSSION

controlled by the intrinsic properties (i.e., the mineralogy and LPO) of the rocks. Below

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 degree of serpentinization. For most samples the S-wave splitting usu-

ally 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 2.8 and Figures 2.18 and 2.19, for these two samples (with low degree of

serpentinization), 4Vs(Y ) > 4Vs(Z) and 4Vs typically ranges from 0.35 to 0.48 km/s in

the foliation plane in these samples. The least shear-wave splitting value is observed for

propagation perpendicular to foliation.

The shear wave splitting (SWS) along the Y and Z directions and density does not dis-

play a clear relationship in Figure 2.20. In general, the samples in high serpentinization

degree, with low-density, have low SWS values.

2.5.3 Elastic stiffness and symmetry

Elastic stiffnesses Cij are calculated and estimated directly from the observed phase ve-

locities. Table 2.10 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. 2.17).

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 C11 ≈ C22 6= C33 and C44 ≈ C55 6= C66 are considered to be transversely isotropic.

And those with C11 6= C22 6= C33 and C44 6= C55 6= C66 are orthorhombic. Unfortunately,

the velocities in the Y and Z directions were measured meaning that the elastic constants

C22 and C33 could be determined. The stiffness C11 was not determined in these tests.
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Figure 2.18: S-wave splitting (Y) vs. pressure; average density following the sample name
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Figure 2.19: S-wave splitting (Z) vs. pressure; average density following the sample name
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Figure 2.20: Shear wave splitting vs. density at 200 MPa and room temperature

The symmetry of samples can only be estimated and assessed by examination of other

stiffnesses determined in the measurements. As the degree of serpentinization increases,

the elastic stiffnesses of all the samples decrease, and the symmetry tends to evolve from

orthorhombic to quasi-isotropic. These results are summarized in table 2.10.

2.5.4 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 rocks. The shear-wave velocities were mea-

sured at two orthogonal polarizations for each direction to determine shear-wave split-

ting and correlate it with P-wave anisotropy. Once the material is anisotropic there will

generally be compressional waves propagating with different velocities in the different

directions, and the polarizations of two distinct shear waves propagating will lead to the

shear wave splitting. For all the samples, Vp(Z) < Vp(Y ). Shear wave splitting with

52



2.5. RESULTS AND DISCUSSION

4Vs(Y ) > 4Vs(Z) is obvious 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 quasi-isotropic and orthorhombic.

The density, serpentine ration β, mean velocities, anisotropies, and shear wave split-

ting (200MPa), are summarized in Table 2.11. In general, the P- and S-wave velocities,

the percentage of P- and S-waves anisotropy, and the shear wave splitting decreases with

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 the microcrack

network and at higher pressures by the lattice preferred orientation of olivine and ser-

pentine. Our result and the laboratory relationships between velocities and density by

different authors (Christensen, 1965, 1966a,b; Kern, 1993; Horen et al., 1996) for serpentinite

and peridotite are shown in Figure 2.21. 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 micro-

cracks play only a small role even at lower pressures, and that the lattice preferred ori-

entation (LPO) is mainly responsible for the measured seismic anisotropy in these rocks.
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Figure 2.21: Mean velocities (top group: P-wave; bottom group: S-wave) vs. density at
room temperature
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Table 2.7: P-wave velocities at various pressures for samples in the Pindos and Vourinos
ophiolite (Greece)

Density Velocity (km/s) in pressures (MPa) Pres. derivative
(g/cm3) Direction 0 25 50 75 100 125 150 175 200 225 250 275 300 (V p)0

dVp

dP
(10−4) R2

P 03-1 Z 6 6.19 6.27 6.33 6.36 6.39 6.4 6.42 6.43 6.45 6.46 6.47 6.48 6.27 7 0.93
Y 6.35 6.75 6.83 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 6.18 6.47 6.55 6.6 6.64 6.67 6.68 6.7 6.7 6.72 6.74 6.74 6.77 6.55 7 0.94
A % 5.67 8.66 8.55 8.18 8.29 8.25 8.24 8.22 8.06 8.04 8.17 8.01 8.43

P 04-2 Z 5.12 5.65 5.68 5.7 5.72 5.74 5.77 5.78 5.8 5.81 5.84 5.85 5.87 5.65 7 0.99
Y 5.91 5.96 6 6.04 6.07 6.08 6.11 6.12 6.15 6.16 6.17 6.2 6.21 5.99 7 0.99

2.87 Ave. Vp 5.52 5.81 5.84 5.87 5.9 5.91 5.94 5.95 5.98 5.99 6.01 6.03 6.04 5.82 7 0.99
A % 14.3 5.34 5.48 5.79 5.94 5.75 5.72 5.71 5.86 5.85 5.5 5.81 5.63

P 08-3 Z 5.94 6.08 6.12 6.14 6.17 6.18 6.2 6.21 6.23 6.24 6.27 6.28 6.29 6.1 6 0.99
Y 6.23 6.3 6.36 6.4 6.44 6.49 6.51 6.52 6.55 6.56 6.57 6.58 6.58 6.38 8 0.91

3.06 Ave. Vp 6.09 6.19 6.24 6.27 6.31 6.34 6.36 6.37 6.39 6.4 6.42 6.43 6.44 6.24 7 0.95
A % 4.77 3.55 3.85 4.15 4.28 4.89 4.88 4.87 5.01 5 4.67 4.67 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
P 11-1 Z 7.27 7.34 7.37 7.39 7.39 7.41 7.43 7.44 7.45 7.46 7.47 7.48 7.49 7.35 5 0.98

Y 6.98 7.39 7.46 7.48 7.5 7.52 7.53 7.55 7.57 7.58 7.58 7.6 7.63 7.44 6 0.99
3.28 Ave. Vp 7.13 7.37 7.42 7.44 7.45 7.47 7.48 7.5 7.51 7.52 7.53 7.54 7.56 7.4 5.5 0.99

A % 4.1 0.68 1.21 1.21 1.48 1.47 1.34 1.47 1.6 1.6 1.46 1.59 1.85
P 12-1 Z 6.11 6.4 6.47 6.58 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 7.36 7.41 7.43 7.5 7.53 7.55 7.56 7.57 7.58 7.6 7.61 7.62 7.24 7 0.89
3.25 Ave. Vp 6.46 6.88 6.94 7.01 7.06 7.07 7.09 7.13 7.18 7.18 7.19 7.19 7.2 6.88 4 0.87

A % 10.7 14 13.5 12.1 12.6 13 13.1 12.1 11 11.3 11.6 11.7 11.8
P 13-1 Z 4.85 5.04 5.07 5.13 5.16 5.2 5.23 5.24 5.27 5.28 5.29 5.29 5.29 5.1 7 0.91

Y 4.93 5.15 5.2 5.23 5.26 5.28 5.31 5.34 5.36 5.38 5.41 5.44 5.45 4.16 1 0.99
2.6 Ave. Vp 4.89 5.1 5.14 5.18 5.21 5.24 5.27 5.29 5.32 5.33 5.35 5.37 5.37 4.63 4 0.95

A % 1.64 2.16 2.53 1.93 1.92 1.53 1.52 1.89 1.69 1.88 2.24 2.8 2.98
P 13-2 Z 5.45 5.53 5.56 5.57 5.58 5.6 5.62 5.63 5.63 5.65 5.65 5.67 5.68 5.54 5 0.99

Y 5.33 5.48 5.54 5.57 5.6 5.62 5.64 5.66 5.67 5.69 5.7 5.71 5.72 5.54 6 0.98
2.6 Ave. Vp 5.39 5.51 5.55 5.57 5.59 5.61 5.63 5.65 5.65 5.67 5.68 5.69 5.7 5.54 5.5 0.99

A % 2.2 0.9 0.4 0 0.36 0.36 0.36 0.53 0.71 0.71 0.88 0.7 0.7
P 16-3 Z 5.71 5.84 5.91 5.94 5.97 5.99 6 6.02 6.03 6.05 6.06 6.07 6.08 5.91 6 0.99

Y 5.87 5.96 6 6.05 6.07 6.1 6.14 6.16 6.17 6.19 6.2 6.22 6.23 6 8 0.96
2.82 Ave. Vp 5.79 5.9 5.96 6 6.02 6.05 6.07 6.09 6.1 6.12 6.13 6.15 6.16 5.96 7 0.98

A % 2.76 2.03 1.51 1.83 1.66 1.82 2.31 2.3 2.3 2.29 2.28 2.44 2.44
V 03-11 (2.99) Z 5.46 5.52 5.56 5.59 5.62 5.65 5.67 5.7 5.72 5.74 5.75 5.77 5.8 5.53 9 0.99
V 03-7 (2.95) Z 5.31 5.4 5.43 5.45 5.47 5.49 5.51 5.52 5.54 5.55 5.58 5.6 5.62 5.39 7 0.99
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Table 2.8: S-wave velocities at various pressures for samples in the Pindos and Vourinos
ophiolite (Greece)

Density Velocity (km/s) in pressures (MPa) Pres. derivative
(g/cm3) Direction 0 25 50 75 100 125 150 175 200 225 250 275 300 (V s)0

dVs
dP

(10−4) R2

P 03-1 ZX 4.1 4.18 4.2 4.21 4.22 4.22 4.23 4.23 4.24 4.24 4.24 4.25 4.25 4.19 2 0.99
ZY 3.65 3.82 3.88 3.91 3.92 3.93 3.94 3.95 3.95 3.96 3.96 3.97 3.97 3.91 3 0.94

3.19 4V s(Z) 0.45 0.36 0.32 0.3 0.3 0.29 0.29 0.28 0.29 0.28 0.28 0.28 0.28 0.28
YX 3.15 3.44 3.45 3.46 3.47 3.48 3.49 3.49 3.5 3.5 3.51 3.52 3.52 3.45 3 0.98
YZ 3.27 3.86 3.91 3.93 3.94 3.95 3.96 3.97 3.98 3.98 3.99 3.98 4 3.91 3 0.94

4V s(Y ) 0.12 0.42 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 3.36 3.71 3.75 3.77 3.78 3.79 3.8 3.8 3.81 3.81 3.82 3.82 3.83 3.76 3 0.95

A % 3.57 11.3 12.3 12.5 12.4 12.4 12.4 12.6 12.6 12.6 12.6 12 12.5 12.2
P 04-2 ZX 3.11 3.16 3.17 3.19 3.19 3.2 3.21 3.22 3.23 3.23 3.24 3.25 3.25 3.17 3 0.99

ZY 2.96 3.04 3.06 3.07 3.08 3.08 3.09 3.09 3.1 3.1 3.1 3.11 3.11 3.06 2 0.99
2.87 4V s(Z) 0.15 0.12 0.11 0.12 0.11 0.12 0.12 0.13 0.13 0.13 0.14 0.14 0.14 0.11

YX 2.94 3.09 3.11 3.12 3.13 3.14 3.14 3.15 3.15 3.16 3.16 3.17 3.17 3.1 2 0.99
YZ 2.46 2.86 2.89 2.9 2.91 2.91 2.92 2.92 2.93 2.93 2.93 2.94 2.94 2.89 2 0.98

4V s(Y ) 0.48 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 2.87 3.04 3.06 3.07 3.08 3.08 3.09 3.1 3.1 3.11 3.11 3.12 3.12 3.06 2.25 0.99

A % 22.7 9.88 9.16 9.45 9.1 9.41 9.39 9.69 9.67 9.66 9.98 9.94 9.94 9.17
P 08-3 ZX 3.19 3.25 3.27 3.29 3.3 3.31 3.32 3.33 3.34 3.34 3.35 3.36 3.38 3.26 4 0.98

ZY 3.4 3.47 3.49 3.51 3.52 3.53 3.54 3.55 3.56 3.57 3.57 3.58 3.58 3.5 3 0.98
3.06 4V s(Z) 0.21 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.23 0.22 0.22 0.2 0.24

YX 3.45 3.54 3.58 3.59 3.6 3.61 3.62 3.62 3.63 3.64 3.64 3.65 3.66 3.57 3 0.99
YZ 3.32 3.39 3.41 3.42 3.43 3.44 3.44 3.45 3.46 3.46 3.47 3.48 3.48 3.4 3 0.99

4V s(Y ) 0.13 0.15 0.17 0.17 0.17 0.17 0.18 0.17 0.17 0.18 0.17 0.17 0.18 0.17
Ave. Vs 3.34 3.41 3.44 3.45 3.46 3.47 3.48 3.49 3.5 3.5 3.51 3.52 3.53 3.43 3.25 0.99

A % 7.78 8.5 9.02 8.69 8.66 8.64 8.62 8.32 8.29 8.57 8.27 8.24 7.94 9.03
P 08-4 ZX 3.51 3.59 3.61 3.62 3.63 3.64 3.64 3.65 3.66 3.67 3.68 3.68 3.69 3.6 3 0.99

ZY 3.38 3.43 3.45 3.46 3.47 3.47 3.48 3.49 3.5 3.5 3.51 3.51 3.51 3.44 2 0.99
3.08 4V s(Z) 0.13 0.16 0.16 0.16 0.16 0.17 0.16 0.16 0.16 0.17 0.17 0.17 0.18 0.16

Ave. Vs 3.45 3.51 3.53 3.54 3.55 3.56 3.56 3.57 3.58 3.59 3.6 3.6 3.6 3.52 2.5 0.99
P 11-1 ZX 4.15 4.22 4.25 4.27 4.28 4.28 4.28 4.29 4.29 4.29 4.3 4.3 4.3 4.26 1 4.15

ZY 4.22 4.36 4.39 4.41 4.41 4.42 4.42 4.43 4.43 4.44 4.44 4.44 4.45 4.39 2 4.22
3.28 4V s(Z) 0.07 0.14 0.14 0.14 0.13 0.14 0.14 0.14 0.14 0.15 0.14 0.14 0.15 0.13

YX 4.16 4.43 4.48 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 4.09 4.11 4.13 4.14 4.14 4.17 4.19 4.2 4.22 4.23 4.23 4.25 4.09 6 0.98

4V s(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 4.13 4.28 4.31 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 % 3.87 7.95 8.59 8.78 8.76 8.98 8.5 8.02 8.01 7.54 7.53 7.75 7.29 9.29
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Cont’ Table 2.8
Density Velocity (km/s) in pressures (MPa) Pres. derivative
(g/cm3) Direction 0 25 50 75 100 125 150 175 200 225 250 275 300 (V s)0

dVs
dP

(10−4) R2

P 12-1 ZX 3.4 3.81 3.88 3.91 3.93 3.95 3.96 3.97 3.98 3.99 3.99 4 4.01 3.9 4 0.96
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 0.98

3.25 4V s(Z) 0.16 0.05 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.08 0.09 0.09 0.09 0.02
YX 3.94 4.11 4.15 4.16 4.17 4.18 4.19 4.2 4.21 4.23 4.24 4.25 4.25 4.13 4 0.98
YZ 3.96 4.12 4.18 4.2 4.21 4.23 4.23 4.24 4.25 4.25 4.26 4.26 4.27 4.18 3 0.97

4V s(Y ) 0.02 0.01 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 3.72 3.98 4.04 4.06 4.08 4.09 4.1 4.11 4.12 4.14 4.14 4.15 4.16 4.03 4.25 0.97

A % 15.1 7.8 7.43 7.15 6.87 6.84 6.59 6.57 6.55 6.29 6.52 6.27 6.25 6.94
P 13-1 ZX 2.54 2.63 2.65 2.66 2.67 2.68 2.68 2.69 2.69 2.7 2.71 2.71 2.72 2.65 2 0.99

ZY 2.57 2.67 2.7 2.71 2.72 2.72 2.73 2.74 2.74 2.75 2.75 2.75 2.76 2.7 2 0.98
2.6 4V s(Z) 0.03 0.04 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.05

YX 2.72 2.83 2.84 2.86 2.87 2.87 2.88 2.88 2.89 2.89 2.89 2.9 2.89 2.85 2 0.95
YZ 2.74 2.8 2.82 2.82 2.83 2.84 2.85 2.86 2.87 2.87 2.88 2.88 2.89 2.81 3 0.97

4V s(Y ) 0.02 0.03 0.02 0.04 0.04 0.03 0.03 0.02 0.02 0.02 0.01 0.02 0 0.04
Ave. Vs 2.64 2.73 2.75 2.76 2.77 2.78 2.79 2.79 2.8 2.8 2.81 2.81 2.82 2.75 2 0.99

A % 6.81 7.32 6.9 7.24 7.21 6.84 7.18 6.8 7.15 6.78 6.41 6.76 6.04 7.27
P 13-2 ZX 2.69 2.77 2.79 2.8 2.8 2.81 2.81 2.82 2.82 2.82 2.83 2.83 2.83 2.71 2 0.99

ZY 2.5 2.55 2.58 2.59 2.6 2.6 2.61 2.61 2.62 2.62 2.63 2.63 2.63 2.58 2 0.99
2.6 4V s(Z) 0.19 0.22 0.21 0.21 0.2 0.21 0.2 0.21 0.2 0.2 0.2 0.2 0.2 0.13

YX 2.72 2.78 2.79 2.8 2.81 2.81 2.82 2.83 2.83 2.84 2.84 2.84 2.85 2.71 2 0.99
YZ 2.7 2.73 2.74 2.75 2.76 2.76 2.77 2.77 2.77 2.78 2.78 2.78 2.79 2.74 2 0.99

4V s(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 2.65 2.71 2.73 2.74 2.74 2.75 2.75 2.76 2.76 2.77 2.77 2.77 2.78 2.69 2 0.99

A % 8.29 8.49 7.71 7.68 7.66 7.65 7.63 7.98 7.61 7.96 7.58 7.58 7.93 4.84
P 16-3 ZX 3.02 3.08 3.09 3.08 3.09 3.1 3.1 3.11 3.11 3.11 3.11 3.12 3.12 3.07 2 0.96

ZY 2.92 2.99 2.98 2.99 3 3 3.01 3.02 3.02 3.02 3.03 3.03 3.04 2.99 2 0.94
2.82 4V s(Z) 0.02 0.09 0.11 0.09 0.09 0.1 0.09 0.09 0.09 0.09 0.08 0.09 0.08 0.08

YX 2.85 2.95 2.99 3.01 3.02 3.03 3.04 3.04 3.04 3.05 3.05 3.06 3.06 2.98 2 0.99
YZ 3.04 3.12 3.14 3.15 3.16 3.16 3.17 3.17 3.17 3.18 3.18 3.19 3.19 3.14 2 0.95

4V s(Y ) 0.19 0.17 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 3.09 3.09 3.1 3.1 3.05 2 0.97

A % 4.06 4.28 5.25 5.23 5.22 5.21 5.19 4.86 4.86 5.18 4.85 5.16 4.83 4.93
V 03-11 ZX 3.21 3.26 3.28 3.29 3.32 3.32 3.33 3.34 3.34 3.35 3.35 3.37 3.38 3.28 3 0.95

ZY 3.18 3.23 3.25 3.26 3.27 3.27 3.28 3.29 3.3 3.3 3.31 3.32 3.32 3.24 3 0.99
2.99 4V s(Z) 0.03 0.03 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 3.25 3.27 3.28 3.3 3.3 3.31 3.32 3.32 3.33 3.33 3.35 3.35 3.26 3 0.97
V 03-7 ZX 2.91 3 3.02 3.03 3.03 3.04 3.04 3.04 3.05 3.05 3.06 3.06 3.08 3 2 0.93

ZY 3.08 3.13 3.14 3.16 3.17 3.17 3.18 3.18 3.19 3.19 3.2 3.21 3.21 3.14 2 0.99
2.95 4V s(Z) 0.17 0.13 0.12 0.13 0.14 0.13 0.14 0.14 0.14 0.14 0.14 0.15 0.13 0.14

Ave. Vs 3 3.07 3.08 3.1 3.1 3.11 3.11 3.11 3.12 3.12 3.13 3.14 3.15 3.07 2 0.96
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Table 2.9: Poisson’s and Vp / Vs ratio at 200 MPa
Density V s(mean) V p(mean) Poisson’s Ratio V p/V s Ratio Serpentinization

Sample (g/cm3) (km/s) (km/s) (%)
P03-1 3.19 3.81 6.7 0.26 1.76 13.6
P04-2 2.87 3.1 5.98 0.32 1.93 53.8
P08-3 3.06 3.5 6.39 0.29 1.83 30.4
P11-1 3.28 4.37 7.51 0.24 1.72 2.3
P12-1 3.25 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 2.6 2.76 5.65 0.34 2.05 87.9
P16-3 2.82 3.09 6.1 0.33 1.97 59.9

V03-11 2.99 3.4 5.72 0.23 1.68 38.8
V03-7 2.95 3.12 5.54 0.27 1.78 43.8
P08-4 3.08 3.58 6.49 0.28 1.81 27.5

Table 2.10: Calculated elastic stiffnesses (GPa) for samples in the Pindos and Vourinos
ophiolite (Greece) at 300 MPa

Propagation XX YY ZZ ZY or YZ ZX or XZ XY or YX Elastic Ave. density
Sample C11 C22 C33 C44 C55 C66 Symmetry (g/cm3)
P 03-1 - 155 132 50 57 39 ORTHO 3.19
P 04-2 - 109 97 26 30 28 ORTHO 2.87
P 08-3 - 131 119 38 34 40 ORTHO 3.06
P 11-1 - 188 182 61 60 67 quasi-IO 3.28
P 12-1 - 186 149 56 51 58 ORTHO 3.25
P 13-1 - 75 72 21 19 22 quasi-IO 2.6
P 13-2 - 84 82 19 21 21 quasi-IO 2.6
P 16-3 - 107 103 27 27 26 quasi-IO 2.82
P 08-4 - - 130 38 41 - - 3.08
V 03-7 - - 91 30 27 - - 2.95

V 03-11 - - 98 33 33 - - 2.99
Forsterite 328 200 235 66.7 81.3 80.9 ORTHO 3.22

Noted: C44 , C55 , and C66 calculated by average velocities; Assumed C11 to agree with symmetry

Table 2.11: Parameters of velocity anisotropy at 300 MPa
Sample β(%) Density (g/cm3) Vp (Km/s) Ap (%) Vs (Km/s) As (%) 4 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 2.3 3.28 7.51 1.6 4.37 8.01 0.25
P12-1 6.8 3.25 7.18 11 4.12 6.55 0.05
P13-1 87.9 2.6 5.32 1.69 2.8 7.15 0.04
P13-2 87.8 2.6 5.65 0.71 2.76 7.61 0.13
P16-3 59.9 2.82 6.11 2.3 3.09 4.86 0.11
P 08-4 27.5 3.08 6.49 3.58 0.16
V 03-7 43.8 2.95 5.54 3.12 0.14
V 03-11 38.8 2.99 5.72 3.32 0.04

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

58



Chapter 3

Magnetic Susceptibility and AMS

3.1 Introduction

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

The variation of susceptibility with orientation is called Anisotropy of Magnetic Suscep-

tibility (Tarling and Hrouda, 1993) or usually just AMS. The variation of susceptibility with

orientation can be described mathematically in terms of a second-rank tensor and can be

simply visualized as a susceptibility ellipsoid. Magnetic fabrics defined by anisotropy of

magnetic susceptibility (AMS) are sensitive indicators of rock texture and strain. Mag-

netic fabric techniques use this characteristic to infer the petrofabric of rocks so that their

origin and structural evolution can be determined. Consequently, AMS (usually, mea-

sured at low magnetic field and room temperature) is a useful tool for its intrinsic petro-

fabric meanings. The AMS measurement procedures principally include: at first, the

collection of oriented rock samples; second, determination of the strength of the magne-

tization at a number of different orientations; and finally, analysis and illustration. AMS

can be interpreted in terms of the net shape of the grains and the degree of their crys-

talline alignments, which, in turn, can be interpreted and compared to other petrofabric

techniques such as Electron Back Scatter Diffraction (EBSD). Thus, it is theoretically rea-

sonable to compare petrofabrics by magnetic anisotropy with those of other rock physical

techniques such as elastic anisotropy as discussed in the previous chapter.

While the making AMS measurements is rather straightforward, their interpretation

is not simple. It is essential to establish the compositions, sizes and physical relation-

ships of mineral grains before attempting geological interpretations of magnetic fabrics.
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3.2. THEORY AND METHOD OF DETERMINING AMS

Obviously, analysis of AMS plays a particular role in the studies of many branches of

the earth science. For example, research of AMS in paleomagnetism revealed some in-

teresting features related with strain in the last decades (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 compound’s magnetic susceptibility K is defined with M = K×H , where M is the

induced magnetization of the material and H is the inducing magnetic field. K is most

often measured at room temperature and low-field strength (≤ 1 mT),Rochette et al. (1992).

The principles and applications related to anisotropy of low field magnetic susceptibility

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 was done by the tensorial mean method (Jelinek, 1978).

3.2 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. At first, magnetic properties arise from the motion of electrically charged

particles. All materials have magnetic properties at temperatures above absolute zero.

Then, AMS arises the magnetic fabric caused by the preferred orientation 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 susceptibility of all the

mineral species that are present in a sample. What follows is a brief theoretical review

related with magnetic anisotropy.

3.2.1 Classes of Magnetic Materials

When a magnetic field is applied to materials, the electron spins produce a magnetization

opposite to the applied field. As mentioned earlier, all materials are magnetic in general.

The difference is just that some materials are much more magnetic than others. The

main reason is that in some materials there is no collective interaction of atomic magnetic
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3.2. THEORY AND METHOD OF DETERMINING AMS

Figure 3.1: Different forms of magnetization (Modified from Tarling and Hrouda, 1993).
Solid arrow: Applied magnetic field; Hollow arrow: Magnetization

moments, whereas in other materials there is a very strong interaction between atomic

moments. So, usually the different types of magnetism is categorized by how these ma-

terials respond to magnetic fields. The magnetic behavior of materials can be classified

into the following five major groups: Diamagnetism, Paramagnetism, Ferromagnetism,

Ferrimagnetism, and Antiferromagnetism (Figure 3.1).

3.2.2 Domain Theory

The magnetic material is actually composed of small regions that called magnetic do-

mains. In each domain the local magnetization is saturated but not necessarily paral-

lel. Each domain is separated from its neighbor by a block wall. The phenomena that

magnetization of ferrimagnetic materials can be greatly influenced by the application

even a very low magnetic field comes from this truth. Although domains are small

(∼ 10−6− ∼ 10−4m), they are still much larger than atomic distances(∼ 10−10m). With-

out external applied field, the domains arrange themselves to minimize the magnetosta-

tic energy associated with their surface poles. The magnetic behavior of a domain-sized
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3.2. THEORY AND METHOD OF DETERMINING AMS

particle 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 existence of domains is hinted at by the observation that some magnetic proper-

ties, and in particular, coercivity and remanence vary greatly with grain size. The mag-

netic behavior can be subdivided on the basis of grain size into four ranges: SPM: super-

paramagnetic; SD: single domain; PSD: Pseudo-single domain; and MD: multidomain

(Dunlop and Özdemir, 1997).

If the grain is small, the magnetization within it is uniform in direction and is aligned

with specific crystallographic axes. However, in large grains a number of volume ele-

ments are developed, each with its magnetization aligned along the ‘easy’ axes (Tarling

and Hrouda, 1993).

3.2.3 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:

• Magnetocrystalline Anisotropy

• Stress Anisotropy

• Shape Anisotropy

Magnetocrystalline anisotropy is an intrinsic property that arises from the action of

lattice forces on the electron-spin configuration along a specific direction termed the easy

plane or the easy axis. Stress Anisotropy is another effect related to spin-orbit cou-

pling called magnetostriction. Magnetostriction arises from the strain dependence of

the anisotropy constants. Shape anisotropy is due to the shape of a mineral grain. The

surface charge distribution of the 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 magnetization 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 constant strength
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3.2. THEORY AND METHOD OF DETERMINING AMS

depends on the orientation of the sample within the field. Such rocks are magnetically

anisotropic. The variation of susceptibility with orientation can be described mathemat-

ically in terms of a second-rank tensor and can be simply visualized as a susceptibility

ellipsoid (Figure 1.2). 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 par-

ticles themselves 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- or single-domain because of the markedly different hysteresis

loops of such domains. Thus, extreme care is needed when attempting to interpret any

magnetic anisotropy in terms of some physical process.

3.2.4 Theory and method of determining AMS

The aim of a mathematical description is to give a physical concept of the values mea-

sured for magnetic susceptibility, to derive the fundamental possibilities of exterminat-

ing the anisotropy and evaluate their accuracy (Janák, 1965). The theory of calculation of

AMS has been discussed in the past, and various authors described methods of calculat-

ing the susceptibility tensor using least squares techniques (Granar, 1958; Girdler, 1961;

Janák, 1965; Jelinek, 1977; Hanna, 1977). Here is a general summary of their work in the

past.

When a low field (≤ 1mT) is applied to a magnetically anisotropic specimen, the mag-

netization, M , is not parallel to the applied field, H , and its three orthogonal components

can be defined as:

M1 = K11H1 + K12H2 + K13H3

M2 = K21H1 + K22H2 + K23H3 (3.1)

M3 = K31H1 + K32H2 + K33H3
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3.2. THEORY AND METHOD OF DETERMINING AMS

This is equivalent to:

Mi = KijHj(i, j = 1, 2, 3) (3.2)

Where Kij is the second-order tensor. This can also be expressed as a symmetric

matrix:

Kij =




K11 K12 K13

K12 K22 K23

K31 K32 K33




(3.3)

Of these parameters, K12 = K21, K23 = K32, K31 = K13, so six independent compo-

nents must be determined to completely define the susceptibility ellipsoid. If the material

is magnetically isotropic, these off diagonal components are equal to zero.

The record value in the direction n of the external field with the measuring equip-

ment is the projection of the vector of of the real susceptibility into the direction n(Figure

3.2(a)). When choosing the directions, the purpose is to keep the relation for the direc-

tional susceptibility simple , the chosen direction easily realizable, and the measurements

accurate. A suitable system (Bartington 18-position ) of measurement is shown in Figure

3.2(b). The anisotropy tensor contains 6 unknown coefficients and therefore a system

of six independent measurements is enough for its determination. By multiplying the

measured deviations (directional consine) by the corresponding calibration instrument

constant, we can determine the values of the directional susceptibilities κ1...κ9.

After that, Kij can be measured and calculated from the directional susceptibilities

κ1...κ9. For instance, the value κ4, κ5, κ6 for Kij(i 6= j):




K23

K13

K12




=




0 −1/2 −1/2 −1 0 0

−1/2 0 −1/2 0 1 0

−1/2 −1/2 0 0 0 1







κ1

κ2

κ3

κ4

κ5

κ6




(3.4)
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(a)

(b)

Figure 3.2: Top: Magnetic field H and Magnetization M ; Bottom:Directions A1...A9 in
AMS measurement (Modified from Girdler, 1961; Janák, 1965).
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Similarly. use the values of κ7, κ8, κ9 for Kij(i 6= j):




K23

K13

K12




=




0 1/2 1/2 −1 0 0

1/2 0 1/2 0 −1 0

1/2 1/2 0 0 0 −1







κ1

κ2

κ3

κ7

κ8

κ9




(3.5)

By using least square solution, it is possible obtain an estimate for the best fit of the

susceptibility-ellipsoid and hence for the magnitudes and directions of the principal axes.

The final equation giving the six coefficients Kij is:




K11

K22

K33

K23

K31

K12




=
1
18




10 −2 −2 4 4 −2 4 4 2

−2 10 −2 4 −2 4 4 −2 4

−2 −2 10 −2 4 4 −2 4 4

0 0 0 0 0 9 0 0 −9

0 0 0 0 9 0 0 −9 0

0 0 0 9 0 0 −9 0 0







κ1

κ2

κ3

κ4

κ5

κ6

κ7

κ8

κ9




(3.6)

The directions of principal axes can be calculated by:

tan θ =
n2

n1
(3.7)

sinφ = n3 (3.8)
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Where ni are the directional cosines of the principal axis, then, the direction cosines are

converted to the (θ, φ) notation where θ is the angle of declination in degrees measured

clockwise from OA1 and φ is the angle of inclination with reference to the A1−A2 plane.

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

3.3 Magnetic susceptibility measurement

There are different methods that can to be used measure magnetic anisotropy. Each

method provides information that enable the anisotropy of magnetic susceptibility to be

described in terms of a triaxial ellipsoid. Jelinek (1977) used the 15-position scheme. Bor-

radaile and Stupavsky (1995) generally summarized and reviewed measurement schemes.

In our lab, AMS measurement uses the 18-position system of Bartington MS2B sensor

with AMSWIN- BAR software.

3.3.1 Sample preparation

The sampling method for AMS is the same as those used to collect oriented rock for pale-

omagnetic purposes (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 3.3). In this study, we use 2.54 cm (1-inch) length× 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 × 2.54

cm length cylinder core for AMS measurement.

The frequency dependence of susceptibility should be considered during the AMS

measurement. Changing frequency means changing the time of reaction of grains in

applied field. That is, the domain sizes will shift to smaller or bigger volumes based on
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3.3. MAGNETIC SUSCEPTIBILITY MEASUREMENT

Figure 3.3: Standard specimens for AMS measurement

variance of frequency. Experimental results show that more grains become blocked when

the frequency of measurement increases. The decrease percentage in initial susceptibility

per decade of frequency is: 1-20% for SPM grains; < 1% for SD and MD grains (Dunlop

and Özdemir, 1997). In this study, the AMS was measured on a Bartington MS2B Sensor

in conjunction with the AMSWIN-BAR software, operating at a fixed frequency of 0.465

kHz (LF), with an applied field of 250 µT . The three principal axes defining the AMS

ellipsoid are determined from the 18-position orientation scheme.

3.3.2 AMS calculation and illustration

A wide range of parameters have been used in the literature about the applications of

AMS to both magnetic properties and petrofabrics. This short introduction 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 (K1) susceptibility axes: K1 ≥ K2 ≥ K3.
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3.3. MAGNETIC SUSCEPTIBILITY MEASUREMENT

The mean susceptibility is represented by: K = (K1 + K2 + K3)/3.

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 - those dealing with the magni-

tude and shape of the susceptibility ellipsoid and those concerned with the spatial orien-

tation 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 on the ratio of the maximum

and minimum susceptibilities (Nagata, 1961):

P = K1/K3

Owens (1974) proposed another parameter for magnitude of anisotropy - the normal-

ized anisotropy degree:

S = (K1 −K3)/Kmean

Currently, the rock-magnetic literature strongly recommend that the corrected anisotropy

degree should be adopted. It was proposed by Jelinek (1981), :

PJ = exp
√
{2[(η1 − ηm)2 + (η2 − ηm)2 + (η3 − ηm)2]}

Where η1 = lnK1; η2 = lnK2; η3 = lnK3; ηm = (η1 + η2 + η3)/3. The parameter PJ

incorporates both the intermediate and mean susceptibility rather than just the maximum

and minimum values, thus, it is a more informative parameter than P alone. Also, It is

better to expresses the magnetic property by 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, here is lineation (Balsey and Buddington, 1960):

P1 = L = K1/K2

and foliation (Stacey, 1960):

P3 = F = K2/K3
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T , the parameter for the shape ellipsoid combines lineation and foliation parameters,

which includes all three principal susceptibilities in its calculation. The magnetic litera-

tures recommended that this shape parameter should be adopted (Jelinek, 1981; Hrouda,

1982). T can be expressed as:

T =
[
2ln(K2/K3)
ln(K1/K3)

]
− 1

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 (PJ = P ).

3.4 Results and discussion

An AMS measurement principally involves the field acquistion of an oriented rock sam-

ple followed by determination of its magnetization in different directions with known

orientation. As noted, this is measured in 18 different directions in our procedure. Then,

all differences can be analyzed and illustrated. AMS can be fundamentally interpreted

in terms of the net shape of the grains of major phase and the degree of their crystalline

alignments by its intrinsic petrofabric meaning, which, in turn, can be compared and in-

terpreted in the same way as in all other petrofabric techniques. AMS results for the 8

samples from the Pindos and Vourinos Ophiolite are presented in Table 3.1. All reported

values of magnetic susceptibility were measured at low field and room temperature. The

values observed here are consistent with the wide range of susceptibilities from3.1×10−3

to 18 ×10−3 SI (Blum, 1997) on serpentines.

The mean magnetic susceptibility, Km = (K1 + K2 + K3)/3, varies from 50.9 ×10−5

to 444.8 ×10−5 SI in the samples from the Pindos and Vourinos Ophiolite with an overall

mean magnetic susceptibility of 221.7×10−5 SI. The highest value is obtained from P 16-3,

the serpentinized dunite, due to the presence of abundant magnetite by serpentinization

of rock. Therefore, the magnetic fabrics mainly are produceed by magnetite grains. The

lowest value comes from the P 12-1, the dunite, and is primarily due to the paramagnetic

mineral olivine. These values do not significantly depart from the data published by Toft

et al. (1990). Hence, in the samples from the Pindos and Vourinos Ophiolite, contribu-

tion from both the paramagnetic and ferrimagnetic minerals has to be taken into account

when magnetite is present from the process of serpentinization.
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Table 3.1: The AMS measurement Data at room temperature and low field for samples in
the Pindos and Vourinos ophiolite (Greece)

Declination Inclination Eigenvalue Susceptibility Anisotropy Serpentinization
Sample (degree) (degree) (degree) (mean, 10−5SI) (%) β (%)
P 03-1 Kmin 3.4 83.2 90.2 101.9 18.9 13.6

Kint 222.1 5.3 106.1
Kmax 131.7 4.2 109.5

P 08-3 Kmin 307 50.9 291.3 302.3 7 30.4
Kint 115.3 38.5 303
Kmax 209.9 5.8 312.6

P 13-1 Kmin 4.3 64.3 291.1 317.8 15.1 87.9
Kint 223 20.6 323.2
Kmax 127.4 14.7 339.1

P 13-2 Kmin 51.4 69 307.5 330.7 14.8 87.9
Kint 215.3 20.3 328.1
Kmax 307.3 5.4 356.5

P 11-1 Kmin 6.1 81.1 117.2 126.1 13.9 2.3
Kint 96.2 0 126.3
Kmax 186 8.9 134.7

P 04-2 Kmin 126.6 86.1 92.4 99 10.9 53.8
Kint 16.5 1.3 101.5
Kmax 286.5 3.7 103.2

P 16-3 Kmin 212.4 58.8 29.8 444.8 219.2 59.9
Kint 82.2 21.3 299.8
Kmax 343.3 21.6 1004.7

In principal, the magnetic anisotropy will be greatly influenced by the samples’ com-

position. In the samples from Pindos and Vourinos Ophiolite, the smallest value of AMS

((K1 −K3)/Kmean) is 13.7% (P 12-1) among all dunite samples, while the values of AMS

of samples P 08-3 and P 04-2 are 7% and 10.9%, respectively. The reason for this differ-

ence may be related to the differing composition of the protoliths with the P 08-3 and P

04-2 being serpentinized harzburgites; while the others are from dunite. The largest AMS

value comes from P16-3 at 219.2%. Its average magnetic susceptibility is 444.8 ×10−5 SI,

which definitely implies the existence of ferromagnetic minerals.

The magnitude and direction of all the samples’ principal axes are shown in Figure

3.4. The maximum and intermediate axes have no special declination trend as there is no

orientation with their original geographic position. Their inclination, however, is mostly

near the edge of the polar plot. This further suggests that the orientation of the sampling

was closely perpendicular to foliation. The minimum K axis shows the non-random

distribution with its direction clustering in the direction perpendicular to textural planes
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Figure 3.4: The magnitude and direction of all samples’ principal axes

(this is, the direction of Z-axis in seismic anisotropy, which is perpendicular to the cutting

plane with 90 degree inclination in Figure 3.4). The samples P 08-3 and P16-3 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.

Typical ellipsoids are shown in Figure 3.5. The AMS degree of P 03-1 is largest among

these three samples. Relying on the specific relationship between the magnetic axes of

rock-forming minerals and their shape and crystallographic axes, the usual relationship

between AMS and petrofabric, leading to the expression ‘normal magnetic fabric’, exists

in this study by comparing magnetic fabric and rock fabric displayed by visual texture
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and thin section in P 03-1 and P 13-1 as the example study. The normal magnetic fabric

corresponds to the situation where K1 is parallel to the structural lineation (of stretching,

flow or current origin) and K3 is perpendicular to the structural foliation (flattening, flow

or bedding plane). Magnetic fabric and rock texture are quite similar, that is, the symme-

try of the AMS ellipsoid mimics the petrofabric symmetry. As shown in Figure 3.5, P 03-1

and P 13-1 are ‘normal’ with their inclination of Kmin axis 3.40 and 4.30, respectively.

The plane consisting of Kmax and Kint compare with rock foliation favorably. For the

case of sample P 08-3, because of sampling orientation non-perpendicular to foliation,

the principal axes of AMS immediately show its difference comparing with other sam-

ples (neither are K1 and K2 perpendicular to the sampling direction, nor K3 is parallel to

it), which conversely imply that AMS is a useful indication in rock texture.

The anisotropy degree of AMS given by lineation (P1) and foliation (P3) is shown

in Figure 3.6. Although there is no clear relationship between P1 and P3, the result still

shows that most samples are below the slope of unit gradient P1/P3 = 1. That means

most are oblate except for P 13-2 (prolate fabrics i.e. above the slope).

The AMS strength and shape have been expressed using Jelinek’s parameters (T and

PJ ) in Figure 3.7, respectively. The figures show that most magnetic susceptibility ellip-

soids are oblate for the samples from Pindos and Vourinos Ophiolite. All PJ values vary

from 1.03 to 4.72, (average 1.52). The PJ values of all the other samples lie between 1.03

and 1.1 except for P 16-3. That means all samples are weakly magnetic anisotropy except

for P 16-3. As illustrated by the distribution of the data, T ranges from -0.12 to 0.7, (aver-

age 0.35). All other samples’ T values are above the T = 0 in the T − PJ graph (Figure

3.7), 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).

3.5 Conclusion

AMS can be expressed by the tensors that relate the intensity of the applied field (H) to

the acquired magnetization (M) of a material through the equation:Mi = KijHj (i, j =

1, 2, 3), where Kij is the second-order symmetrical tensor referred to as the susceptibility.
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Figure 3.5: 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
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Figure 3.7: Plot of corrected anisotropy degree (PJ) with shape parameter (T )
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3.5. CONCLUSION

Table 3.2: Parameters of describing AMS ellipsoid (Parameters defined in 3.3.3)
Sample Kmean Anisotropy Density PJ T Foliation Lineation β

(10−5SI) (%) (g/cm3) (K2/K3) (K1/K2) (%)
P 13-1 317.8 15.1 2.6 1.07 0.371 1.11 1.049 87.9
P 13-2 330.7 14.8 2.6 1.067 -0.123 1.067 1.087 87.9
P 04-2 99 10.9 2.87 1.053 0.7 1.099 1.017 53.8
P 08-3 302.3 7 3.06 1.031 0.116 1.04 1.032 30.4
P 03-1 101.9 18.9 3.19 1.095 0.675 1.176 1.032 13.6
P 11-1 126.1 13.9 3.28 1.062 0.075 1.078 1.067 2.3
P 12-1 50.9 13.7 3.25 1.067 0.649 1.122 1.049 6.8
P 16-3 444.8 219.2 2.82 4.723 0.313 10.06 3.351 59.9

Average 221.7 39.2 2.96 1.521 0.347 2.219 1.336 42.8

Noted: β : Serpentinization ratio

AMS describes the variation of magnetic susceptibility with direction within a mater-

ial, and represents the contributions of all rock forming minerals (i.e., dia-, para-, ferri-,

and ferromagnetic). Since both paramagnetic and ferrimagnetic minerals are present in

this study, the bulk AMS is due to the combination of the anisotropy from the preferred

crystallographic orientations of the paramagnetic matrix minerals, and the anisotropy of

magnetite grains. Normally, The Kmax axis represents the magnetic lineation while Kmin

is the pole of the magnetic foliation (the plane containing Kmax and Kint axes).

In general, the variation of the samples’ bulk susceptibility is related to their percent-

age of serpentinization. Table 3.2 lists characterization of magnetic susceptibility and

descriptive parameters of the AMS ellipsoid. The overall mean magnetic susceptibility

is 221.7×10−5 SI, which is close to previously published value(Toft et al., 1990). A plot of

the degree of lineation and foliation and a Jelinek’s parameters T − PJ graph show that

the magnetic susceptibility ellipsoids are mostly oblate in the samples from the Pindos

and Vourinos Ophiolite. Examinations that employ the PJ value suggest that the AMS

of all the samples except for P16-3 are weakly anisotropic. The variation of AMS degree

depends on composition and category of samples, usually between 10 to 20 percent. The

AMS degree of dunite group seems to be bigger than serpentinized harzburgite in this

study. P16-3 has the largest magnetic susceptibility, the reason is probably because of the

heterogeneity of magnetite distribution. Very often the accumulation of magnetic min-

eral fragments can dominate the entire signal, even if all the minerals contribute to the

overall bulk susceptibility.

76



Chapter 4

Comparison between seismic
anisotropy and AMS

4.1 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 (Hrouda, 1982; Borradaile and Henry, 1997; Rochette et al., 1992;

Yaouancq and Macleod, 2000; Bascou et al., 2002); the same is the correlation between seis-

mic anisotropy and rock fabric (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 chap-

ter 2 and 3, respectively. This chapter will largely focus on the comparison of the mag-

netic to the elastic anisotropy based on these laboratory results.

4.2 Serpentinization influences AMS and seismic anisotropy

The influence by serpentinization on AMS fabric may be more complex than for seis-

mic anisotropy because it results from the combination of all the minerals forming the

rock, especially ferrimagnetic or ferromagnetic minerals which may only exist in trace

amount. This influence was seen in this study because magnetite can be generated in the

serpentinization reaction.
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4.2. SERPENTINIZATION INFLUENCES AMS AND SEISMIC ANISOTROPY
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Figure 4.1: Degree of serpentinization vs. mean magnetic susceptibility; Data from this
study and that of Toft et al. (1990)

4.2.1 Serpentinization and magnetite

Serpentinization is a simple and widespread hydrothermal alteration process, which

produces serpentine group minerals, brucite, and magnetite. 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. During the

serpentinization, ferrous iron reacts with oxygen and form magnetite (Best, 2003). Usu-

ally, magnetite occur as the accessory phases. But, because the ferrimagnetic minerals

have positive and large susceptibilities compared to the para- and diamagnetic minerals,

they are important in AMS studies. Magnetite generated from olive and pyroxene dur-

ing the reaction of serpentinization will enhance the magnetic susceptibility of the whole

rock assemblage. So, the 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 4.1. Several serpentinization re-

actions from past studies are as follow:
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4.2. SERPENTINIZATION INFLUENCES AMS AND SEISMIC ANISOTROPY

Burch (1968) described density and porosity changes due to serpentinization by:

2Mg2SiO4 + 3H2O = Mg3Si2O5(OH)4 + Mg(OH)2 (4.1)

Olivine = serpentine + brucite

Mg2SiO4 + MgSiO3 + 2H2O = Mg3Si2O5(OH)4 (4.2)

Olivine + enstatite = serpentine

Saad (1969) described iron partitioning by:

6Mg1.5Fe0.5SiO4 + 6H2O + 0.5O2 = 3Mg3Si2O5(OH)4 + Fe3O4 (4.3)

Olivine = serpentine + magnetite

The magnetite is the most common ferrimagnetic mineral (Hrouda, 1982). It exhibits

spontaneous magnetization, Curie temperatures (578 oC), hysteresis, and remanence

similar to ferromagnetic mineral like mental iron. However, iron and magnetite have

different magnetic structures. The pure iron has a different Curie temperature close to

800 oC, either. In order to prove the presence of pure magnetite in this study, we have

done the thermomagnetic analysis and isothermal remanent magnetization (IRM) exper-

iments. The Curie temperature of 580 oC was revealed the presence of pure magnetite in

Figure 4.2. Another evidence came from Figure 4.3. We measured the magnetic moment

of the sample during three stages, including the processes demagnetized, saturated in a

progressive applied field, and finally reduced to zero and re-saturated in the backfield

direction. When the sample was applied a very low field in the opposite direction, the

magnetic moment greatly drops down. This phenomena means that ferrimagnetic min-

erals may exist. The fact that the IRM was saturated twice in an applied field around 300

mT suggest that the ferrimagnetic mineral is magnetite.
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4.2. SERPENTINIZATION INFLUENCES AMS AND SEISMIC ANISOTROPY

0 100 200 300 400 500 600 700
0

20

40

60

80

100

120

140

temperature ( oC)

S
uc

ep
tib

ili
ty

 (
10

−5
 S

I u
ni

t)

temperature up
temperature down

Figure 4.2: Magnetic susceptibility vs temperature for sample P 16-3
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Figure 4.3: Isothermal remanent magnetization for sample P 16-3; the sample P 16-3
was demagnetized at first, then, saturated in a progressively strong applied field, finally,
gradually reduced to zero in the backfield direction.
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4.2. SERPENTINIZATION INFLUENCES AMS AND SEISMIC ANISOTROPY

4.2.2 AMS influenced by rock-forming minerals

Mostly, AMS can be a good linkage between the magnetic fabric and the rock fabric in

the normal fabric situation. The bulk magnetic susceptibility is usually determined by

the volume of the paramagnetic, diamagnetic, and ferrimagnetic (as an accessory phase)

material in the entire rock. Usually, the orientation of AMS carrier mineral is the repre-

sentative of major phases, or accessory ferrimagnetic phase can mimic the orientation of

the main phase.

The magnetic fabric of rocks is governed by the AMS carrier minerals. Because the

ferrimagnetic minerals have positive and large susceptibilities compared to the para- and

diamagnetic minerals, it plays a important role even if as an accessory phase. For mag-

netite, the AMS is controlled dominantly by their shape anisotropy.

Because most rock-forming minerals are paramagnetic(amphibole, biotite, garnet etc.)

or diamagnetic(quartz, feldspars, calcite etc.), they are two important forms of magneti-

zation. Diamagnetism is very weakly magnetized in the opposite direction to the applied

field, typically characterized by a negative and small magnetic susceptibility. It is due to

the non-cooperative behavior of orbiting electrons when exposed to an applied magnetic

field. Paramagnetic materials become a little stronger magnetized in the same direction

as in the applied field. In this class of materials, some of the atoms or ions in the mate-

rial have a net magnetic moment due to unpaired electrons. One of the most important

atoms with unpaired electrons is iron. Both of them have no external magnetic field after

removal of the applied field. Magnetic susceptibility in these minerals is also tempera-

ture dependent. In paramagnetic and diamagnetic minerals, the AMS is typically mag-

netocrystalline, being determined by the crystallographic lattice preferred orientation of

these mineral grains.

As discussed before in most rock-forming minerals, the AMS is due to shape anisotropy

and / or magnetocrystalline anisotropy. So, two factors including the anisotropy of the

particles themselves and the degree of their alignment determine the magnitude of the

magnetic anisotropy. The anisotropy of the individual particles comprise components -

crystalline, stress, and shape anisotropy. It must be emphasized here again that no one

method of measurement is capable of resolving the contributions of these two factors.
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4.2. SERPENTINIZATION INFLUENCES AMS AND SEISMIC ANISOTROPY

Furthermore, the shape anisotropy of a ferrimagnetic grain can differ radically, in terms

of magnitude, depending on whether it is multi- or single-domain. Also, be ware of the

distribution anisotropy, which means that non-uniform distribution of interacting ferri-

magnetic grains may also results the magnetic anisotropy(Hargraves et al., 1991; Stephen-

son, 1994). All factors will contribute to the complexity of magnetic fabric interpretation.

Thus, extreme care and analysis of rocks are needed before attempting to interpret any

magnetic anisotropy.

4.2.3 Seismic anisotropy influenced by serpentinization

The influence to seismic anisotropy by serpentinization has been in depth described in

chapter 2. In general, the P- and S-wave velocities, the percentage of P- and S-wave

anisotropy, and shear wave splitting decreases with increasing degree of serpentiniza-

tion. The intrinsic seismic anisotropy is controlled by the mineral fabric preferred orien-

tation. In the samples from the Pindos and Vourinos ophiolite (Greece), the olivine relicts

are surrounded by the serpentine in the partially serpentinized dunite. The experimental

measurements in chapter 2 showed that the seismic anisotropy decreases with the incre-

ment of serpentinization in peridotites (Christensen, 1966b; Horen et al., 1996). The degree

of serpentinization of rock samples has been estimated by mass density measurements,

using the linear relation between density and serpentinization established by Christensen

(1966b). The velocity changes with serpentinization from our laboratory results and those

by Christensen (1966b) are plotted in Figure 4.4. The macroscopic velocity anisotropy of

P- and S-wave velocities was attributed to the controlling of olivine in the peridotite and

serpentine lattice preferred orientation (LPO) in the serpentinite (Kern, 1993; Barruol and

Kern, 1996; Dewandel et al., 2003). Olivine usually exhibits a strong preferred orientation.

Contrast to olivine, the orthopyroxene texture is less pronounced in literatures. Our lab-

oratory data indicates that most micro-cracks are closed below confining pressure of 100

MPa. Above this pressure the wave velocities and anisotropies are mainly controlled by

preferred orientation of the mineral. Comparing with the previous research (Kern, 1993;

Dewandel et al., 2003) and constituent minerals by X-ray diffraction for the samples, the

anisotropy of olivine may play an important role in the Pindos and Vourinos ophilite.

Along the perpendicular direction to rock foliation, the P-wave velocities are lowest
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4.3. COMPARISON BETWEEN MAGNETIC FABRIC AND SEISMIC
ANISOTROPY
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Figure 4.4: Variation of mean velocities (at 200 MPa) vs. Degree of serpentinization

in experiments. The serpentine network seems quite regular and homogeneous. The de-

crease of seismic anisotropy with serpentinization degree shows that the bulk anisotropy

of these rocks primarily results from preferred olivine orientation. The microcracks may

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.

4.3 Comparison between magnetic fabric and seismic anisotropy

A comparison the orientations and the intensities was carried out to look for a corre-

lation between magnetic fabrics and seismic anisotropy. The AMS fabric orientation is

displayed and compared with laboratory slow or fast Vp directions for each sample in

Figure 4.5 and 4.6, using information in Figure 3.4 suggest that 75 percent of the sam-

ples Kmin axes have an inclination more than 64 degrees, which means the Kmin axes of

most samples cluster at a direction roughly perpendicular to the rock’s principal texture

foliation, this latter having been selected only on the basis of visual examination of the

samples. As a result, the magnetic fabrics of the samples are maybe distributed in two
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4.3. COMPARISON BETWEEN MAGNETIC FABRIC AND SEISMIC
ANISOTROPY

groups with this characteristic:

• Normal magnetic fabrics in which Kmin is nearly perpendicular to the rock foliation

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

• Scattered magnetic fabrics (P16-3 and P08-3) for which there is no coincidence be-

tween Kmin axis of the susceptibility ellipsoid and the Z-axis of velocity measure-

ment;

The 72 percent Kmax and Kint axes of samples have inclinations less than 20 degrees.

That means there is a roughly coincidence between the plane consisting of Kmax and Kint

and the principle rock texture foliation that causes the seismic anisotropy. There is a ran-

dom declination distribution of the AMS axes because there was no special geographic

orientation in samples in the field when they were obtained(Table 3.1 and Figure 3.4).

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 net-

works are therefore related to the whole rock fabrics. From Figure 4.1, we see the serpen-

tine distribution network surrounding olivine grains. Because the original microcrack

network will induce the secondary magnetic minerals distribution in serpentinization,

the secondary magnetite produced in the serpentinization reaction may simulate the rock

fabrics along the microcrack network. So, The preferred orientation of magnetite should

be indirectly linked to olivine grain distribution. Based on AMS and seismic anisotropy

experiments, the rock textures deduced from magnetic fabric and the seismic anisotropy

generally compare favorably in the laboratory measurements. That is, if the preferred

orientation of the AMS carrier minerals consists of original paramagnetic minerals or if

the secondary magnetic minerals mimic the orientation of the main phases, the AMS and

seismic anisotropy are well correlated. Thus, the AMS may offer useful preliminary infor-

mation with regard to the foliation and the mineral fabric for the whole rocks, regardless

of whether it is caused by crystalline or shape anisotropy. This may greatly aid labora-

tory 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 measurements.

As a result, it maybe useful to carry out AMS prior to machining of samples for elastic

anisotropic measurements in order to guide the sample preparation.
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Figure 4.5: AMS Minimum, intermediate, and maximum susceptibility axes of samples
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Table 4.1: 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 264.8 246.2 97.6 243 79.2 79.2 39.9 439.2
Kxy mean 329.5 314.3 125.4 292.5 98.9 105.1 509 627.3
Kzz/Kxy 0.8 0.78 0.78 0.83 0.8 0.75 0.78 0.7

Vp zz (m/s; 200MPa) 5632 5270 7454 6234 5798 6428 6777 6035
Vp xy (m/s; 200MPa) 5672 5359 7566 6546 6151 6974 7568 6174

Vp zz/Vp xy 0.99 0.98 0.99 0.95 0.94 0.92 0.9 0.98

Noted: Kxy =
Kxx+Kyy

2

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 indi-

cations of foliation from AMS and from seismic anisotropy are still similar, but totally

different with their sample-cutting planes. The samples P08-3 and P16-3 show abnormal

phenomena in AMS measurement, because Kmin is not perpendicular to “presumed fo-

liation plane”. The velocity measurements are also anomalous for these samples in that

sample-cutting plane is far away “presumed foliation plane”. Usually, sample-cutting

surfaces are parallel or perpendicular to the visible principal rock texture,i.e. “presumed

foliation plane”, but these two were without a clear visible texture making selection of

the surface to cut problematic. Thin sections (Figure A.3 and A.9 in Appendix) and X-

ray diffractions (Figure C.7 and C.8 in Appendix) show that both ‘non-coincidences’ in

AMS and in seismic anisotropy come from the sampling directions being neither perpen-

dicular nor parallel to the foliation of rock in these two. Despite this, the phenomena

show that both the AMS and the velocities are sensitive to the rock fabric. In addition,

the comparison between AMS and seismic anisotropy in P16-3 proves that the secondary

magnetite indeed tracks the preferred orientation of the real rock fabrics. Otherwise, the

accumulation of magnetic minerals may overlap the original rock fabrics of P16-3 (Fig-

ure 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
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4.4. CONCLUSION

coincidence in the direction, but also possible in the intensities between AMS and seismic

anisotropy. The AMS are more sensitive to the composition of samples. P-wave veloci-

ties (200 MPa) ratio V pzz/V pxy and magnetic susceptibility ratio Kzz/Kxy in Z-axis and

along X and Y plane are listed in table 4.1. The ratios show that both magnetic suscep-

tibility and velocity have the smaller value along the Z-axis than along XY plane. Kzz

is the average magnetic susceptibility along the Z-axis, and Kxy is the average magnetic

susceptibility along the X and Y-axis. Kzz/Kxy display a directional dependence in the

magnetic susceptibility similar to that for the measurement of velocity anisotropy, but

the the relative difference of velocities are much smaller than the magnetic susceptibility.

In order to make a more valid comparison between velocity anisotropy and vari-

able trend of AMS intensities, we choose the anisotropic ratios of different parameters

including the P-wave velocities at 200 MPa and Kzz and Kxy. For the convenience of

comparison, the anisotropic ratios are defined by the same calculation method for both

seismic and magnetic parameters as the ratio between the difference and average value

of each one: (Amax −Amin)× 2/(Amax + Amin).

Figure 4.7 somehow shows the correlation between seismic anisotropy ratio and mag-

netic anisotropy ratio in harzburgite and dunite groups, respectively. Without a big

change in magnetic susceptibility, the seismic anisotropy may increase while magnetic

anisotropy increase, except the P 12-1 and P16-3. That maybe caused by the extreme

value of their magnetic susceptibility, see table 3.1. AMS is much more sensitive to

the rock composition than the seismic anisotropy. The comparability between magnetic

anisotropy ratio and seismic anisotropy ratio is only available in the strictly limited litho-

logical scale. The variances of accessory magnetic minerals should be noted as an impor-

tant influence in quantitative comparison in the future.

4.4 Conclusion

In this chapter, we compare the 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/cm3,

corresponding to degrees of serpentinization from 87.9 % to 2.3 %. Because the serpen-

tinization reaction can produce magnetite, the magnetic anisotropy ratio increases with
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Figure 4.7: Vp anisotropy (200 MPa) vs. Magnetic anisotropy

seismic anisotropy properly only within the necessary limit that there is not too much

variability of the magnetic minerals among samples. The magnitude of bulk magnetic

susceptibility in laboratory measurements shows that the bulk AMS of the rocks come

from both the paramagnetic minerals and magnetite. There is a generally good coinci-

dence between the magnetic fabric and the rock texture deduced from seismic method.

The Kmin axis of the AMS ellipsoid trends to be perpendicular to the rock foliation plane

for most samples; and the magnetic fabric plane (consisting of Kmax and Kint) trends to

coincide with the rock foiliation plane. From the comparison with other research (Sieges-

mund and Dahms, 1994; Yaouancq and Macleod, 2000; Lagroix and Borradaile, 2000; Bascou

et al., 2002), AMS could be acted as a proxy for the orientation distribution of rock fabric

(Figure 4.8). But, caution is necessary in the direct interpretation of preferred crystallo-

graphic orientations of crustal rocks before determining the reliability of AMS in some

samples. In our case, the reason is that AMS arise from paramagnetic minerals and the

secondary magnetite that follows the orientation of the main phases. Velocities and cal-

culation of elastic properties in chapter 2 evaluated the symmetries and rock texture of

samples. The symmetric axis of samples all have a good coincidence with Kmin axis of
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Figure 4.8: Schematic comparison between magnetic fabric and rock texture

their AMS ellipsoid. The rock fabric deduced from AMS ellipsoid generally correlated

with the principal texture of the rocks.

Therefore, by comparing the similarity, we conclude that determining rock fabric

from the magnetic fabrics could be a useful proxy for petrofabric measurement to pre-

dict. We should obtain more useful information quantitatively concerning the factors to

influence the relationship between the intensity of magnetic susceptibility and the rock

magnetic fabric for more pure minerals and typical rocks. These may further allow us to

compare rock fabrics with the magnetic fabrics.
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Chapter 5

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 petrofabric of rocks. But, although sensitive, its interpretation could

be easily complex 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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Thin section
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(a)

(b)

Figure A.1: Thin section of sample P 03-1; Top: Parallel to the foliation (×50). Bottom:
Normal to the foliation (×50).
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(a)

(b)

Figure A.2: Thin section of sample P 04-2; Top: Parallel to the foliation (×50). Bottom:
Normal to the foliation (×50).
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(a)

(b)

Figure A.3: Thin section of sample P 08-3; Top: Parallel to the foliation (×50). Bottom:
Normal to the foliation (×50).
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Figure A.4: Thin section of sample P 08-4 (×50).
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(a)

(b)

Figure A.5: Thin section of sample P 11-1; Top: Parallel to the foliation (×50). Bottom:
Normal to the foliation (×50).
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(a)

(b)

Figure A.6: Thin section of sample P 12-1; Top: Parallel to the foliation (×50). Bottom:
Normal to the foliation (×50).
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(a)

(b)

Figure A.7: Thin section of sample P 13-1; Top: Parallel to the foliation (×50). Bottom:
Normal to the foliation (×50).
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(a)

(b)

Figure A.8: Thin section of sample P 13-2; Top: Parallel to the foliation (×50). Bottom:
Normal to the foliation (×50).

109



(a)

(b)

Figure A.9: Thin section of sample P 16-3; Top: Parallel to the foliation (×50). Bottom:
Normal to the foliation (×50).
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Figure A.10: Thin section of sample V 03-11 (×50).

Figure A.11: Thin section of sample V 03-7 (×50).
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Velocity Data
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Table B.1: P- and S- wave velocities at various confining pressure in sample P 03-1
P 03-1 P 03-1 Sec(2)

Pressure V s90 V p V s V s90 V p V s
[MPa] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

0 4.10 6.00 3.65 3.15 6.35 3.27
25 4.18 6.19 3.82 3.44 6.75 3.86
50 4.20 6.27 3.88 3.45 6.83 3.91
75 4.21 6.33 3.91 3.46 6.87 3.93
100 4.22 6.36 3.92 3.47 6.91 3.94
125 4.22 6.39 3.93 3.48 6.94 3.95
150 4.23 6.40 3.94 3.49 6.95 3.96
175 4.23 6.42 3.95 3.49 6.97 3.97
200 4.24 6.43 3.95 3.50 6.97 3.98
225 4.24 6.45 3.96 3.50 6.99 3.98
250 4.24 6.46 3.96 3.51 7.01 3.99
275 4.25 6.47 3.97 3.52 7.01 3.98
300 4.25 6.48 3.97 3.52 7.05 4.00

Table B.2: P- and S- wave velocities at various confining pressure in sample P 04-2
P 04-2 P 04-2 Sec

Pressure V s90 V p V s V s90 V p V s
[MPa] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

0 3.11 5.13 2.96 2.94 5.91 2.46
25 3.16 5.65 3.04 3.09 5.96 2.86
50 3.17 5.68 3.06 3.11 6.00 2.89
75 3.19 5.70 3.07 3.12 6.04 2.90
100 3.19 5.72 3.08 3.13 6.07 2.91
125 3.20 5.74 3.08 3.14 6.08 2.91
150 3.21 5.77 3.09 3.14 6.11 2.92
175 3.22 5.78 3.09 3.15 6.12 2.92
200 3.23 5.80 3.10 3.15 6.15 2.93
225 3.23 5.81 3.10 3.16 6.16 2.93
250 3.24 5.84 3.10 3.16 6.17 2.94
275 3.25 5.85 3.11 3.17 6.20 2.94
300 3.25 5.87 3.11 3.17 6.21 2.94
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Table B.3: P- and S- wave velocities at various confining pressure in sample P 08-3
P 08-3 P 08-3 Sec

Pressure V s90 V p V s V s90 V p V s
[MPa] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

0 3.45 6.23 3.32 3.19 5.94 3.40
25 3.54 6.30 3.39 3.25 6.08 3.47
50 3.58 6.36 3.41 3.27 6.12 3.49
75 3.59 6.40 3.42 3.29 6.14 3.51
100 3.60 6.44 3.43 3.30 6.17 3.53
125 3.61 6.49 3.44 3.31 6.18 3.53
150 3.62 6.51 3.44 3.32 6.20 3.54
175 3.62 6.52 3.45 3.33 6.21 3.55
200 3.63 6.55 3.46 3.34 6.23 3.56
225 3.64 6.56 3.46 3.34 6.24 3.57
250 3.64 6.57 3.47 3.35 6.27 3.57
275 3.65 6.58 3.48 3.36 6.28 3.58
300 3.66 6.58 3.48 3.38 6.29 3.58

Table B.4: P- and S- wave velocities at various confining pressure in sample P 08-4
P 08-4

Pressure V s90 V p V s
[MPa] [km/s] [km/s] [km/s]

0 3.51 6.25 3.38
25 3.59 6.33 3.43
50 3.61 6.38 3.45
75 3.62 6.41 3.46
100 3.63 6.43 3.47
125 3.64 6.45 3.47
150 3.64 6.46 3.48
175 3.65 6.48 3.49
200 3.66 6.49 3.50
225 3.67 6.51 3.50
250 3.68 6.52 3.51
275 3.68 6.53 3.51
300 3.69 6.54 3.51
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Table B.5: P- and S- wave velocities at various confining pressure in sample P 11-1
P 11-1 P 11-1 Sec

Pressure V s90 V p V s V s90 V p V s
[MPa] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

0 4.15 7.27 4.22 4.16 6.98 4.00
25 4.22 7.34 4.36 4.43 7.39 4.09
50 4.25 7.37 4.39 4.48 7.46 4.11
75 4.27 7.39 4.41 4.51 7.48 4.13
100 4.28 7.39 4.41 4.52 7.50 4.14
125 4.28 7.41 4.42 4.53 7.52 4.14
150 4.28 7.43 4.42 4.54 7.53 4.17
175 4.29 7.44 4.43 4.54 7.55 4.19
200 4.29 7.45 4.43 4.55 7.57 4.20
225 4.29 7.46 4.44 4.55 7.58 4.22
250 4.30 7.47 4.44 4.56 7.58 4.23
275 4.30 7.48 4.44 4.57 7.61 4.23
300 4.30 7.49 4.45 4.57 7.63 4.25

Table B.6: P- and S- wave velocities at various confining pressure in sample P 12-1
P 12-1 P 12-1 Sec

Pressure V s90 V p V s V s90 V p V s
[MPa] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

0 3.40 6.11 3.56 3.94 6.80 3.96
25 3.81 6.40 3.86 4.11 7.36 4.12
50 3.88 6.47 3.93 4.15 7.41 4.18
75 3.91 6.58 3.96 4.16 7.43 4.20
100 3.93 6.61 3.99 4.17 7.50 4.21
125 3.95 6.61 4.01 4.18 7.53 4.23
150 3.96 6.62 4.02 4.19 7.55 4.23
175 3.97 6.70 4.03 4.20 7.56 4.24
200 3.98 6.78 4.04 4.21 7.57 4.25
225 3.99 6.77 4.07 4.23 7.58 4.25
250 3.99 6.77 4.08 4.24 7.60 4.26
275 4.00 6.77 4.09 4.25 7.61 4.26
300 4.01 6.77 4.10 4.25 7.62 4.27
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Table B.7: P- and S- wave velocities at various confining pressure in sample P 13-1
P 13-1 P 13-1 Sec

Pressure V s90 V p V s V s90 V p V s
[MPa] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

0 2.54 4.85 2.57 2.72 4.93 2.74
25 2.63 5.04 2.67 2.83 5.15 2.80
50 2.65 5.07 2.70 2.84 5.20 2.82
75 2.67 5.13 2.71 2.86 5.23 2.82
100 2.67 5.16 2.72 2.87 5.26 2.83
125 2.68 5.20 2.72 2.87 5.28 2.84
150 2.68 5.23 2.73 2.88 5.31 2.85
175 2.69 5.24 2.74 2.88 5.34 2.86
200 2.69 5.27 2.74 2.89 5.36 2.87
225 2.70 5.28 2.75 2.89 5.38 2.87
250 2.71 5.29 2.75 2.89 5.41 2.88
275 2.71 5.29 2.75 2.90 5.44 2.88
300 2.72 5.29 2.76 2.90 5.45 2.89

Table B.8: P- and S- wave velocities at various confining pressure in sample P 13-2
P 13-2 P 13-2 Sec

Pressure V s90 V p V s V s90 V p V s
[MPa] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

0 2.69 5.45 2.50 2.72 5.33 2.70
25 2.77 5.53 2.55 2.78 5.48 2.73
50 2.79 5.56 2.58 2.79 5.54 2.74
75 2.80 5.57 2.59 2.80 5.57 2.75
100 2.80 5.58 2.60 2.81 5.60 2.76
125 2.81 5.60 2.60 2.81 5.62 2.76
150 2.81 5.62 2.61 2.82 5.64 2.77
175 2.82 5.63 2.61 2.83 5.66 2.77
200 2.82 5.63 2.62 2.83 5.67 2.77
225 2.82 5.65 2.62 2.84 5.69 2.78
250 2.83 5.65 2.63 2.84 5.70 2.78
275 2.83 5.67 2.63 2.85 5.71 2.78
300 2.83 5.68 2.63 2.85 5.72 2.79

116



Table B.9: P- and S- wave velocities at various confining pressure in sample P 16-3
P 16-3 P 16-3 Sec

Pressure V s90 V p V s V s90 V p V s
[MPa] [km/s] [km/s] [km/s] [km/s] [km/s] [km/s]

0 2.85 5.87 3.04 3.02 5.71 2.92
25 2.95 5.96 3.12 3.08 5.84 2.99
50 2.99 6.00 3.14 3.09 5.91 2.98
75 3.01 6.05 3.15 3.08 5.94 2.99
100 3.02 6.07 3.16 3.09 5.97 3.00
125 3.03 6.10 3.16 3.10 5.99 3.00
150 3.04 6.14 3.17 3.10 6.00 3.01
175 3.04 6.16 3.17 3.11 6.02 3.02
200 3.04 6.17 3.17 3.11 6.03 3.02
225 3.05 6.19 3.18 3.11 6.05 3.02
250 3.05 6.20 3.18 3.11 6.06 3.03
275 3.06 6.22 3.19 3.12 6.07 3.03
300 3.06 6.23 3.19 3.12 6.08 3.04

Table B.10: P- and S- wave velocities at various confining pressure in sample V 03-11
P 03-11

Pressure V s90 V p V s
[MPa] [km/s] [km/s] [km/s]

0 3.21 5.46 3.18
25 3.26 5.52 3.23
50 3.28 5.56 3.25
75 3.29 5.59 3.26
100 3.32 5.62 3.27
125 3.32 5.65 3.27
150 3.33 5.67 3.28
175 3.34 5.70 3.29
200 3.34 5.72 3.30
225 3.35 5.74 3.30
250 3.35 5.75 3.31
275 3.37 5.77 3.32
300 3.38 5.80 3.32
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Table B.11: P- and S- wave velocities at various confining pressure in sample V 03-7
P 03-7

Pressure V s90 V p V s
[MPa] [km/s] [km/s] [km/s]

0 2.91 5.31 3.08
25 3.00 5.40 3.13
50 3.02 5.43 3.14
75 3.03 5.45 3.16
100 3.03 5.47 3.17
125 3.04 5.49 3.17
150 3.04 5.51 3.19
175 3.04 5.52 3.18
200 3.05 5.54 3.19
225 3.05 5.55 3.19
250 3.06 5.58 3.20
275 3.06 5.60 3.21
300 3.08 5.62 3.21
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Appendix C

X-ray diffraction
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[Z07378.RAW] P03-1, THIN SECTION

34-0189> Forsterite, syn - Mg2SiO4

10-0381> Clinochrysotile-2Mc1 - Mg3[Si2-xO5](OH)4-4x
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[Z07380.RAW] P03-1B, PLUG, THIN SECTION

34-0189> Forsterite, syn - Mg2SiO4

10-0381> Clinochrysotile-2Mc1 - Mg3[Si2-xO5](OH)4-4x

19-0768> Enstatite, syn - MgSiO3

(b)

Figure C.1: X-ray diffraction from different orientations in sample P 03-1; Top: Parallel to
the foliation. Bottom: Normal to the foliation.
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[Z07378.RAW] P03-1, THIN SECTION

[Z07379.RAW] P03-1B’THIN SECTION

[Z07380.RAW] P03-1B, PLUG, THIN SECTION
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Figure C.2: Comparison by different orientations of P 03-1 X-ray diffraction.
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[Z07382.RAW] P04-2, THIN SECTION

34-0189> Forsterite, syn - Mg2SiO4

10-0381> Clinochrysotile-2Mc1 - Mg3[Si2-xO5](OH)4-4x

19-0768> Enstatite, syn - MgSiO3
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[Z07381.RAW] P04-2B, THIN SECTION

34-0189> Forsterite, syn - Mg2SiO4

10-0381> Clinochrysotile-2Mc1 - Mg3[Si2-xO5](OH)4-4x

19-0768> Enstatite, syn - MgSiO3

(b)

Figure C.3: X-ray diffraction from different orientations in sample P 04-2; Top: Parallel to
the foliation. Bottom: Normal to the foliation.
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[Z07382.RAW] P04-2, THIN SECTION
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Figure C.4: Comparison by different orientations of P 04-2 X-ray diffraction.
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[Z07383.RAW] P13-1, THIN SECTION

10-0381> Clinochrysotile-2Mc1 - Mg3[Si2-xO5](OH)4-4x

34-0189> Forsterite, syn - Mg2SiO4

44-1482> Brucite, syn - Mg(OH)2
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[Z07384.RAW] P-13-1B, THIN SECTION

10-0381> Clinochrysotile-2Mc1 - Mg3[Si2-xO5](OH)4-4x

34-0189> Forsterite, syn - Mg2SiO4

44-1482> Brucite, syn - Mg(OH)2

(b)

Figure C.5: X-ray diffraction from different orientations in sample P 13-1; Top: Parallel to
the foliation. Bottom: Normal to the foliation.
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Figure C.6: Comparison by different orientations of P 13-1 X-ray diffraction.
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[Z07386.RAW] P16-3, THIN SECTION

10-0381> Clinochrysotile-2Mc1 - Mg3[Si2-xO5](OH)4-4x

34-0189> Forsterite, syn - Mg2SiO4

45-1321> Clinochlore-1MIIb, manganoan - Mg3Mn2AlSi3AlO10(OH)8

20-0481> Magnesiohornblende - (Ca,Na)2.26(Mg,Fe,Al)5.15(Si,Al)8O22(OH)2

36-0426> Dolomite - CaMg(CO3)2

24-0203> Augite - Ca(Mg,Fe)Si2O6
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[Z07385.RAW] P-16-3B PERPENDICULAR, THIN SECTION

10-0381> Clinochrysotile-2Mc1 - Mg3[Si2-xO5](OH)4-4x

34-0189> Forsterite, syn - Mg2SiO4

24-0203> Augite - Ca(Mg,Fe)Si2O6

(b)

Figure C.7: X-ray diffraction from different orientations in sample P 16-3; Top: Parallel to
the foliation. Bottom: Normal to the foliation.
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Figure C.8: Comparison by different orientations of P 16-3 X-ray diffraction.
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