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Abstract

We present a unique database of 110 olivine petrofabrics and their calculated seismic properties. The samples come
from a variety of the upper mantle geodynamic environments (ophiolites, subduction zones, and kimberlites) with a wide
range of micro-structures. A phenomenological relationship is established between P- and S-wave seismic anisotropy and
the degree of crystal alignment (fabric strength). Seismic anisotropy increases rapidly at low fabric strength before reaching
a near saturation level of 15 to 20% for P-waves and 10 to 15% for S-waves. Despite a large variation in the symmetry of
fabric patterns, the average seismic properties of the different fabric, micro-structural and geodynamic settings have similar
anisotropies in both magnitude and symmetry. Hence it would seem possible to determine some measure of fabric strength
from seismic anisotropy if the dimensions of the anisotropic region are known, but not geodynamic environment or details
of the petrofabric pattern. A simple pattern of seismic anisotropy characterises the average sample of the database, which
has the following features: the polarisation plane of the fastest S-wave is parallel or sub-parallel to the foliation plane;
the maximum shear wave splitting is parallel to the Y structural direction (in foliation plane and normal to the lineation);
the maximum of the P-wave velocity is parallel to the high concentration of [100] axes, which is sub-parallel to the
lineation. The [100] orientation distribution has the greatest influence on the P-wave seismic anisotropy. The [100] and
[001] orientation distributions have the greatest influence on the symmetry of S-wave anisotropy, although the magnitude
of anisotropy is influenced by the distribution of all three principal axes. Although the database only contains olivine
petrofabrics, this statistical study clearly shows that seismic anisotropy can be used to deduce the orientation of the
structural frame in the upper mantle.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The upper mantle is known to be seismically
anisotropic from azimuthal anisotropy of Pn veloc-
ities in the oceanic upper mantle (Hess, 1964; Raitt
et al., 1969; Shearer and Orcutt, 1986) and polari-
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sation anisotropy in long-period surface waves (e.g.
Anderson, 1961; Aki and Kaminuma, 1963; Nataf et
al., 1984). The role of this anisotropy has become in-
creasingly important in understanding the evolution
of the upper mantle. Seismic anisotropy in the upper
mantle is due to the elastic anisotropy of the volu-
metrically dominant phases olivine and orthopyrox-
ene, and the strong statistical alignment of their crys-
tal axes or lattice-preferred orientation (LPO) (e.g.
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Nicolas and Christensen, 1987). Recent investiga-
tions of teleseismic shear-wave splitting (Vinnik et
al., 1984, 1989; Silver and Chan, 1988) and petro-
physical studies (Mainprice and Silver, 1993; Bar-
ruol and Mainprice, 1993; Weiss and Siegesmund,
1998) have shown that relationships between petro-
fabric and anisotropic shear wave seismic properties
allow the determination of the directions of plastic
flow, opening the way for tectonic studies of the up-
per mantle.

The above petrofabric studies are restricted to a
small number of samples. For decades LPO has been
used as a structural indicator of shear sense in plas-
tically deformed rocks (e.g. Nicolas et al., 1973;
Schmidt and Casey, 1986). The 230 petrofabrics used
in this paper are from samples of ophiolites, sub-
duction zones, and kimberlites, with various micro-
structures, which have been measured over the last
25 years by past and present members of our lab (see
Table 1). In order to study the seismic properties of
different geodynamical contexts and to evaluate the
influence of the deformation on the seismic properties
we present here a compilation of this unique olivine
petrofabrics database and related seismic properties.

First, we describe the numerical methods to quan-
tify the petrofabric strength and calculation of the
seismic properties from the petrofabric. Secondly, we
discuss the different parameters which influence the
seismic anisotropy. Finally, we compare the averages

Table 1
Percentage of samples of each geodynamic environment in the database, micro-texture and related proportion in each geodymanic and
the geographical localisation of the samples and the respective references

Geodynamic environment
of samples

Percentage
of samples

Micro-structure and respective percentage Geographic zone and reference of
the original works

Kimberlites 13.6 porphyroclastic 46.7%; coarse tabular 6.7%;
coarse granular 33%; mylonitic 13.6%

South Africa (Boullier and Nicolas,
1975; G. Barruol, pers. commun.;
Toublanc, 1992)

Fast spreading ridge 69.4 porphyroclastic 59.1%; coarse tabular 4.5%;
coarse granular 18.2%; mylonitic 9.1%;
exaggerated grain growth 9.1%

Oman ophiolite (Boudier and
Nicolas, 1995; Jousselin, 1998)
Nouvelle Calédonie ophiolites
(Secher, 1979, 1981; Cassard,
1980) Philippine ophiolites
(Violette, 1980)

Slow spreading ridge 4.3 porphyroclastic 70%; mylonitic 30% Lanzo massif (Boudier, 1969)

Subduction zone 12.7 porphyroclastic 46.1%; coarse tabular 30.8%;
coarse granular 15.4%; mylonitic 7.7%

Canadian Cordillera and Alaska
(Shaocheng et al., 1994)

for the different geodynamics contexts and discuss
the implications for the interpretation of seismic data.

2. Methodology

In order to characterise the LPO, we need to eval-
uate the fabric strength and the distribution density
of the principal crystallographic axes. To quantify
petrofabrics (see Bunge, 1982 for further details)
using the original universal stage data we defined
an orientation matrix g which describes the rota-
tion of the crystal from some standard orientation
(e.g. structural reference frame — lineation X , pole
to foliation Z ) to its measured orientation. We used
the Orientation Distribution Function (ODF) (Bunge,
1982) to describe the complete crystal orientation.
This mathematical representation of the LPO allows
us to define the fabric strength (Bunge, 1982) as:

J D
Z

f .g/2dg

where J is the index (a dimensionless number),
f .g/ is the density in the ODF at orientation g, and
dg D d'1d�d'2 sin�=8³2, where .'1; �; '2/ are the
Euler angles (using the definition given by Bunge,
1982). The J-index has a value of 1 for a random
fabric and a value of infinity for a single crystal.
However, the J-index has a maximum of about 250
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in our calculations because of the truncation of the
spherical harmonic series at an expansion of 22.

A pole figure can be analytically defined by the
density of crystallographic orientation in any direc-
tion of the structural reference frame, and is de-
scribed by the fundamental relationship of texture:

Phi .y/ D
1

2³

Z
hiky

f .g/d�

where hi is a crystallographic direction correspond-
ing to the normal of a low-index lattice plane with
Miller indices h1, h2, h3 and d� a unit element of
solid angle in the unit hemisphere of the projection.

In order to evaluate how many single-crystal mea-
surements are needed to accurately represent fabric
strength, the fabric strength versus the number of
measured grains (Fig. 1) has been plotted. This fig-
ure clearly shows that one requires at least 100–150
grains to be measured to stabilise the fabric strength.
When 50 grains are measured, only 60% of the full
fabric strength are quantified and between 85% and
95% with 100 grains. In the last 20 years, 230 fabrics
were measured in our laboratory, but the condition
that at least 100 grains were measured was fulfilled
by 110 samples. These 110 samples were selected
for the present study of seismic anisotropy.

Fig. 1. Relationship between the fabric strength (J-index) and the
number of measured grains. The fabric strength stabilises after
100 measured grains.

The elastic properties of the polycrystal may be
calculated by integration of the anisotropic single
crystal elastic properties over all crystallographic ori-
entations present in the polycrystal (see Mainprice
and Humbert, 1994 for further details). Measurements
of the Twin Sisters Dunite by Crosson and Lin (1971)
have shown that the seismic velocities calculated with
the Voigt average give the closest agreement between
velocities calculated using petrofabric data and lab-
oratory measurements, and hence the Voigt average
has been used in all calculations presented here. Al-
though the choice of the method used for estimat-
ing the polycrystalline elastic constants is important
for velocity studies it is of secondary importance for
anisotropy studies as one is only dealing with rela-
tive values. To evaluate the seismic anisotropy, the
convention of Mainprice and Silver (1993), has been
used. Anisotropy of the P-waves (δVp) is defined as
percentage by 200 .Vp;max�Vp;min/=.Vp;maxCVp;min/,
and anisotropy of the S-waves .δVs/ is defined in
a similar way. The seismic anisotropy of the upper
mantle is an average of the contributions of the dif-
ferent mineral phases (see Nicolas and Christensen,
1987 for a review). At the present time our database
only contains data on olivine, which is the volumet-
rically dominant phase (70%) in the upper mantle.
The effect of additional phases (e.g. orthopyroxene
and garnet) will be to reduce the overall seismic
anisotropy but does not change the anisotropy pat-
terns (e.g. Mainprice and Silver, 1993; Barruol and
Mainprice, 1993). All seismic calculations have been
carried out using the single crystal elastic constants
of olivine given by Kumazawa and Anderson (1969)
at upper oceanic mantle temperature (1000ºC) and
pressure (300 MPa), where most of the samples are
situated. The derivatives of elastic stiffness dCi j=dT
and dCi j=dP are linear, therefore the P–T conditions
effect the velocity values, but leave the anisotropy
unchanged.

3. The database

3.1. Fabric strength and seismic properties

The variation of seismic properties of the upper
mantle are controlled by the modal composition, the
orientation of the structural frame and the strength
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of lattice-preferred orientation (e.g. Birch, 1961;
Babuska, 1972; Nicolas et al., 1973; Christensen
and Lundquist, 1982; Mainprice and Silver, 1993).
As we cannot measure the strain of the naturally de-
formed samples, the fabric strength (J-index) is used
to evaluate the influence of the LPO on the seismic
properties. The LPO is the manifestation of plastic
deformation, dynamic recrystallisation, and anneal-
ing (e.g. Nicolas and Poirier, 1976). The J-index
cannot be used to discriminate between the different
processes. Mainprice and Silver (1993) showed that
the J-index increases with increasing axial strain us-
ing the experimental data of Nicolas et al. (1973),
and hence to a first approximation it can be used as
an indicator of plastic strain.

For all our olivine aggregates, the fabric strength
varies between 3.2 and 27.0, with a mean value
of 7.8 and a standard deviation of 4.5. The seis-
mic anisotropy of P-waves varies between 4.0% and
21.4%, with a mean value of 12.2% and a standard
deviation of 3.9. The seismic anisotropy of S-waves
varies between 3.3% and 17.4% with a mean value of
9.4% and a standard deviation of 2.6 (Fig. 2). A dia-
gram showing the seismic properties as a function of
fabric strength (Fig. 2) displays an exponential rela-
tionship between the J-index and seismic anisotropy
of both P-waves and S-waves.

Fig. 2. Relationship between seismic anisotropy and the fabric
strength for Vp and for Vs anisotropy for 110 olivine aggregates.
The exponential relationship for the P- and S-waves suggests a
saturation in naturally deformed olivine of the J-index versus the
seismic anisotropy (Vp or Vs).

3.2. Micro-structure and seismic properties

Boullier and Nicolas (1975) and Mercier and
Nicolas (1975) established a classification of micro-
structures according to the degree of plastic defor-
mation. In their scheme based on the micro-structure
of olivine, increasing deformation is indicated by
the number of different generations of grain shape,
grain size, grain boundaries and intra-crystalline de-
formation. Using this classification, the samples in
the database have been assigned to a micro-structural
type based on the original descriptions given by var-

Fig. 3. Relationship between Vp (A) and Vs (B) seismic
anisotropy and the fabric intensity (J-index) for the different
micro-structures. No clear relationship is apparent except that
grain growth micro-structures have very strong fabrics.
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Fig. 4. Characteristic LPO patterns, (010)[100] slip system (A), (010)[100] slip system (B), (0kl)[100] slip system (C), and a weak LPO
(D). All crystallographic pole figures and seismic velocities are plotted in the structural frame .XY Z/, where X is the lineation, Z is the
pole to foliation and Y is normal to the lineation in the foliation plane. Contours are in multiples of uniform distribution.
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ious members of our laboratory. The most abundant
micro-structural type in the database is the porphy-
roclastic texture (see Table 1). The micro-structural
classification allows us to evaluate the influence of
the plastic deformation on the seismic properties.

In Fig. 3, the relationship between the P- and
S-wave seismic anisotropy and the fabric strength
for the different micro-structures has been plotted. It
should be noted that the major part of this database
has been collected for kinematic (shear sense) stud-
ies, which may explain why fabric strengths of less
than J D 5 are poorly represented. The porphyro-
clastic samples cover almost the entire range of fab-
ric strength and seismic anisotropy. Samples display-
ing an ‘exaggerated grain growth’ have a strong fab-
ric strength and a strong seismic anisotropy. These
samples are dunites from the transition zone in the
Oman ophiolite, a region which is characterised by
important fluid percolation (Boudier and Nicolas,
1995). These dunite samples represent a restricted re-
gion of the upper mantle beneath mid-oceanic ridges
and are unlikely to be representative of the deep
upper mantle. For the other micro-structures there is
no obvious systematic distribution in the Vp and Vs

plots (Fig. 3). There is no clear relationship between
the micro-structural types and the seismic properties.

3.3. Fabric pattern and seismic properties

The database shows a large variation of fabric
patterns. Four types of fabric pattern symmetry used
to illustrate the database. Type 1 (Fig. 4A) is char-
acterised by a point maximum distribution of [100],
[010] and [001] parallel to the X (lineation), Z (pole
to foliation) and Y structural directions, respectively.
Type 2 (Fig. 4B) is the partial ‘fibre texture’ (Bunge,
1982) which has axial symmetry with the [100] as
a rotational axis of symmetry with [010] and [001]
forming girdles in the .Y Z/ structural plane normal
to the lineation. This type may have maxima of [010]
and [001] parallel either to the Y and Z directions
as in Fig. 4B, or to the Z and Y directions, re-
spectively. Type 3 (Fig. 4C) has girdles of all three

Fig. 5. Seismics properties of the most characteristic LPO patterns in Fig. 4. The single olivine crystal (A), (010)[100] slip system (B),
(010)[100] slip system (C), (0kl)[100] slip system (D), and a weak LPO (E). The dispersion of the [100] axes reduce the P-waves seismic
anisotropy and the [001] axes orientation have an important effect on the shear wave splitting patterns.

pole figures, with [100] forming a girdle in the plane
.XY /. Another type of ‘fibre texture’ is represented
in type 4 (Fig. 4D), with [010] as symmetry axis
parallel to the foliation pole .Z/. We may classify
these fabric types by the crystallographic axes which
are found parallel to the lineation .X/ and normal to
the foliation .Z/. In this classification [X] : [Z ] type
1 is [100] : (010), type 2 is [100] : (0kl), type 3 is
[100][001] : (010) and type 4 is [100] : (010). Notice
that in all cases there is a strong alignment of [100]
axes parallel or sub-parallel to X .

Olivine single-crystal P-waves anisotropy exhibits
a relationship with the principal crystallographic axis
(Fig. 5A). The maximum, intermediate and mini-
mum P-velocity are respectively parallel to the [100],
[001], and [010] axes. The seismic properties corre-
sponding to the various LPO types (Fig. 5) show a
good correspondence between the maximum concen-
trations of the [100] axes and the maximum P-wave
velocities, as described by Birch in 1961. Dispersion
of the [100] axes induces a decrease in the P-wave
anisotropy (Fig. 5D). The maximum P-wave velocity
is a good proxy for the lineation. A dispersion of
the [010] and [001] axes in the .ZY / plane intro-
duces a low anisotropy in this plane and it should be
the slower plane for the propagation of the P-waves
(Fig. 5C). The orientation of the [010] and [001]
has an important effect on the minimum P-wave
velocities patterns.

The birefringence patterns are much more com-
plicated, the maximum olivine single-crystal S-wave
splitting (0.9 km=s or 18.1%) is in a direction be-
tween the [100] and [001] axes (Fig. 5A). When
the olivine [001] axis forms a girdle in the .ZY /
plane (Fig. 4B), the resulting δVs (Fig. 5C) has two
maxima girdles on each side of the [001] girdle at
approximately 45º to the lineation .X/. For the other
fabrics types the δVs maximum is parallel to the Y
structural direction. The dispersion of the [100] and
[001] axes induces a decrease in the S-wave splitting
(Fig. 5D). There is a correlation between the orienta-
tion of the [100] and [001] axes and the maximum of
the shear wave splitting.
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Fig. 6. Relationship between seismic anisotropy and the density of the three principal crystallographic axes (see text for details of
calculation) for Vp (A) and for Vs (C) anisotropy; exponential curve fit for the crystallographic densities (B) and (D) as a function of the
seismic properties. The [100] have a greatest influence on the seismic properties.

The direction of polarisation of the fastest S-wave
is parallel to the olivine [100] axis. Whatever the
orientation of the propagation direction, the polari-

sation of the fastest S-wave should give information
about the orientation of the foliation plane .XY /.
Strictly speaking the polarisation is parallel to the
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maximum concentration of [100] axes which is not
exactly parallel to the lineation. The orientation of
the polarisation plane of the fastest S-wave sys-
tematically marks the orientation of the great circle
containing the maximum concentration of [100], for
all the fabric patterns (Fig. 5).

In order to quantify the contribution of the differ-
ent crystallographic axes on the seismic anisotropy,
we define the maximum density distribution of the
different crystallographic axes as multiples of a uni-
form distribution. In the database, the [100] axis
maximum density varies between 3.0 and 19.0, with
a mean value of 7.7 and a standard deviation of
3.8. The [010] maximum density varies between 4.0
and 15.0, with a mean value of 6.9 and a stan-
dard deviation of 2.7. The [001] maximum density
varies between 5.0 and 10.0, with a mean value of
5.3 and a standard deviation of 1.9. In Fig. 6A,C,
the relationship between the maximum density of
the crystallographic axes and the seismic anisotropy
for the P-waves and S-waves has been plotted. The
seismic anisotropy of P-waves (Fig. 6B,D) and the
[100] axes maximum densities have a trend similar
to the J-index. The [010], [010] and [001] maxi-
mum densities have a similar trend to the J-index
for the S-waves. These trends are in agreement with
the LPO pattern observations: increasing alignment
of the [100] axes induces an increase of the P-wave
seismic anisotropy, whereas the orientation of the
[010] and [001] axes have only a secondary effect.
Although the trend is observed for S-wave seismic
anisotropy, it is clear that all three axes influence the
magnitude of S-wave anisotropy.

3.4. Geodynamic environments and seismic
properties

As the samples in the database come from dif-
ferent geodynamic environments we can seek to
characterise the seismic signatures of these environ-
ments. The different geodynamic environments have
been plotted (Fig. 7) as a function of the P- and
S-wave seismic anisotropies versus fabric strength.
The J-index does not show any coherent variation as
a function of the geodynamic environment (Fig. 7).
This conclusion may be partly biased by the fact that
69.4% of the samples come from a fast spreading
ridge (see Table 1). The calculated mean seismic

Fig. 7. Relationship between Vp (A) and Vs (B) seismic anisot-
ropy and the fabric intensity (J-index) for various geodynamic
environments. There is no systematic difference between the
geodynamic environments on the basis of seismic anisotropy and
the fabric strength (J-index).

properties of the different geodynamic contexts show
little difference between the various environments
(see Table 2 for the average elastic constants), the
maximum P-wave velocity of about 8.5 km=s, is
systematically close to the lineation .X/ (Fig. 8)
and the minimum P-wave velocity is close to the
pole to foliation plane .Z/. The P-wave anisotropy
is very similar for the different geodynamic envi-
ronments; it varies between 10.6%, for the mean
sample of subduction zone volcanism, to 8.2% for
the mean sample of xenoliths from kimberlites. For
the S-waves the minimum shear wave splitting re-
gion is close to lineation .X/ in all samples. There
is a slight tendency for the minimum value to be
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Table 2
Elastics constants .Cij / in GPa of an average of the total
database (110 samples), of an average of 72 olivine aggre-
gates from peridotites of fast spreading ridges, of an average
of 13 olivine aggregates from xenoliths brought up by subduc-
tion volcanism, and of an average of 17 olivine aggregates from
xenoliths in kimberlitic eruptions

Total Fast spreading Subduction Kimberlites
database ridge zone

C11 195.4500 195.9100 192.0700 194.5100
C12 71.1100 71.1200 69.9200 70.7900
C13 72.0800 72.2100 72.3500 71.8300
C14 �0.0600 �0.0700 0.2100 �0.1200
C15 �0.0900 �0.2400 �0.0400 0.7800
C16 �0.0800 �0.1400 0.1000 �0.3600
C22 236.9100 239.3600 237.0800 229.2400
C23 72.3700 71.8700 73.4700 73.2100
C24 0.1700 0.0300 �0.3100 0.3200
C25 �0.2000 �0.3600 0.2500 0.1900
C26 �0.1100 �0.1600 0.6100 0.0100
C33 205.9200 203.7200 208.7500 213.9800
C34 0.3700 0.4000 �0.3000 �0.2200
C35 �0.2100 �0.3900 0.2300 0.5200
C36 �0.0900 0.0200 �0.2800 �0.2200
C44 71.3700 71.0500 72.5500 71.6600
C45 �0.1800 �0.1500 0.0100 �0.0600
C46 �0.3600 �0.6000 0.3800 0.3800
C55 62.9900 62.4900 63.2800 64.4900
C56 0.0600 0.0100 0.0900 �0.1300
C66 69.7700 70.2400 68.5000 68.2700

slightly inclined with respect to the lineation in the
XY plane. The maximum shear wave splitting region
is close to the Y structural direction, being slightly
spread out in the XY plane. Whatever the orienta-
tion of the propagation direction, the polarisation of
the fast S-wave should give information about the
orientation of the foliation plane .XY /.

3.5. Total database average seismic properties

The average seismic anisotropy of all samples in
the database (Fig. 8A) is dominated by the sam-
ples from the fast ridge environment. Despite the
large number of samples with the possibility of

Fig. 8. Average seismic properties of 110 samples of this database (A), average of 72 olivine aggregates from fast spreading ridge
peridotites (B), average for 13 olivine aggregates from xenoliths of subduction volcanism (C) and average of 17 olivine aggregates from
xenoliths in kimberlitic eruptions (D).

errors in individual measurements and sample refer-
ence frame determination the average sample is very
anisotropic. The average P-wave velocities varies
between 7.84 km=s perpendicular to the foliation
and 8.47 km=s parallel to the lineation. The average
P-wave anisotropy is about 9.5%. For S-waves, the
birefringence varies between 0.1 km=s (0.2%) close
to the lineation and 0.3 km=s (6.6%) perpendicular
to the lineation in the foliation plane. Whatever the
orientation of the propagation direction, the polar-
isation of the fast S-wave should give information
about the orientation of the foliation plane .XY /.
The overall symmetry pattern is very simple, which
should allow the orientation of the structural frame
from seismic anisotropy measurements.

4. Conclusions

The role of seismic anisotropy in understanding
the evolution of the upper mantle has become in-
creasingly important. We have shown the olivine
upper mantle seismic properties are a function of the
lattice-preferred orientation intensity with changes
in the details of fabric pattern having only a sec-
ond-order effect and geodynamic environment and
micro-structural types having little effect. Seismic
anisotropy increases strongly at low fabric inten-
sity and then rapidly saturates. The [100] axes dis-
tribution has the greatest influence in the seismic
anisotropy of P-waves. The distribution [100] and
[001] crystallographic axes has the most important
effect on the symmetry of shear wave anisotropy, but
the magnitude of shear wave anisotropy is effected
by distribution of all three axes.

The maxima of P-waves velocity and S-wave
splitting combined with the fastest S-wave polar-
isation plane provide the means to determine the
orientation of the structural reference frame. The
maximum P-wave velocity indicates the position of
the lineation. The maximum shear wave splitting is
oriented close to the Y structural direction (normal to
the lineation in the foliation plane). The polarisation
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plane of the fastest S-wave is parallel or sub-parallel
to the foliation plane.

Although this database is currently limited to
olivine it does provide the first statistical overview
of the potential use of seismic anisotropy as a tool
for determining the structural geology of the upper
mantle.
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doctorat, Université de Nantes, 163 pp.

Boudier, F., Nicolas, A., 1995. Nature of the Moho Transition
Zone in the Oman Ophiolite. J. Petrol. 36, 77–796.

Boullier, A.M., Nicolas, A., 1975. Classification of textures and
fabrics of peridotite xenoliths from South African kimberlites.
Phys. Chem. Earth. 9, 467–475.

Bunge, H.J., 1982. Texture Analysis in Materials Science. But-
terworths, London, 599 pp.

Cassard, D., 1980. Structure et origine des gissements de
chromite du massif du sud (Ophiolites de Nouvelle-Calé-
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