
Chapter 20 

Fabric of the mantle 

A nisotropy 

And perpendicular now and now 
transverse, Pierce the dark soil and as 
they pierce and pass Make bare the 
secrets of the Earth's deep heart. 

Shelley, Prometheus Unbound 

Anisotropy is responsible for large variations in 
seismic velocities; changes in the orientation of 
mantle minerals, or in the direction of seismic 
waves, cause larger changes in velocity than can 
be accounted for by changes in temperature, 
composition or mineralogy. Plate-tectonic pro
cesses, and gravity, create a fabric in the mantle. 
Anisotropy can be microscopic - orientation of 
crystals - or macroscopic - large-scale lamina
tions or oriented slabs and dikes. Discussions of 
velocity gradients, both radial and lateral, and 
chemistry and mineralogy of the mantle must 
allow for the presence of anisotropy. Anisotropy 
is not a second-order effect. Seismic data that are 
interpreted in terms of isotropic theory can lead 
to models that are not even approximately cor
rect. Slab anisotropy can cause artifacts in tomo
graphic models. A wealth of new infonnation 
regarding mantle structure, history, mineralogy 
and flow is becoming available as the anisotropy 
of the mantle is becoming better understood. 

Introduction 

In the first edition of Th eory of the Earth 

there were sections that are largely missing in 

this edition. There was a very large section on 
anisotropy since it was a relatively new concept 
to seismologists . There was also a large section 
devoted to the then-novel thesis that seismic 
velocities were not independent of frequency, 
and that anelasticity had to be allowed for in esti
mates of mantle temperatures. Earth scientists 
no longer need to be convinced that anisotropy 
and anelasticity are essential elements in Earth 
physics, but there may still be artifacts in tomo
graphic models or in estimates of errors that 
are caused by anisotropy. At the time of the 
first edition of this book - 1989 - the Earth 
was usually assumed to be perfectly elastic and 
isotropic to the propagation of seismic waves. 
These assumptions were made for mathemati
cal and operational convenience. The fact that 
a large body of seismic data can be satisfacto
rily modeled with these assumptions does not 
prove that the Earth is isotropic or perfectly 
elastic. There is often a direct trade-off between 
anisotropy and heterogeneity, and between fre
quency dependence and depth dependence of 
seismic velocities. An anisotropic structure can 
have characteristics, such as travel times, normal
mode frequencies and dispersion curves, that are 
identical, or similar, to a different isotropic struc
ture. A layered solid, for example, composed of 
isotropic layers that are thin compared to a seis
mic wavelength will behave as an anisotropic 
solid - the velocity of propagation depends on 
direction. The effective long-wavelength elastic 
constants depend on the thicknesses and elastic 
properties of the individual layers. The reverse is 
also true; an anisotropic solid with these same 
elastic constants can be modeled exactly as a 



stack of isotropic layers. The same holds true for 
an isotropic solid permeated by oriented cracks 
or aligned inclusions. This serves to illustrate the 
trade-off between heterogeneity and anisotropy. 
Not all anisotropic structures, however, can be 
modeled by laminated solids. 

The crystals of the mantle are anisotropic , 
and rocks from the mantle show that these crys
tals exhibit a high degree of alignment. There is 
also evidence that crystal alignment is uniform 
over large areas of the upper mantle. At man
tle temperatures, crystals tend to be easily recrys
tallized and aligned by the prevailing stress and 
flow fields. But there may also be large-scale fab
ric in the upper mantle, caused by orientation of 
subducted slabs or dikes , for example. 

The effects of anisotropy are often subtle and , 
if unrecognized , are usually modeled as inhomo
geneities, for example, as layering or gradients. 
The most obvious manifestations of anisotropy 
are : 

(1) [s h ear-wave splitt ing] or birefringence 
- the two polarizations of S-waves arrive at 
different times; 

(2) [az imu t h a l an i so t ropy] - the arrival 
times, or apparent velocities of seismic waves 
at a given distance from an event, depend on 
azimuth; and 

(3) an apparent discrepancy between Love 
waves and Rayleigh waves [Love Rayleigh 
discrepan cy]. 

Even these are not completely unambiguous indi
cators of anisotropy. Effects such as P to S conver
sion, dipping interfaces, attenuation, and density 
variations must be properly taken into account. 
There is now growing acceptance that much of 
the upper mantle may be anisotropic to the prop
agation of seismic waves. 

It has been known for some time that the 
discrepancy between ma n tle Ray- leigh 
and Love waves could be explained if the 
vertical P and S velocities in the upper man
tle were 7-8% less than the horizontal veloci
ties. The Love-Rayleigh discrepancy has survived 
to the present, and average Earth models have 
SV in the upper mantle less than SH by about 
3%. Some early models were based on separate 
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isotropic inversions of Love and Rayleigh waves 
(pseudo-isotropic inversions). This is not a 
valid procedure. There is a trade-off between 
anisotropy and structure. In particular, the very 
low upper-mantle shear velocities , 4.0-4.2 km./s. 
found by many isotropic and pseudo-isotropic 
inversions, are not a characteristic of models 
resulting from full anisotropic inversion. The P
wave anisotropy makes a significant contribution 
to Rayleigh wave dispersion. This must also be 
allowed for in tomographic surface wave inver
sions, but seldom is. 

Since intrinsic anisotropy requires both 
anisotropic crystals and preferred orientation. 
the anisotropy of the mantle contains informa
tion about the mineralogy and stress gradients. 
For example, olivine, the most abundant upper
mantle mineral, is extremely anisotropic for both 
P-wave and S-wave propagation. It is readily ori
ented by recrystallization in the ambient stress 
field. Olivine-rich outcrops show a consistent pre
ferred orientation over large areas. In general, the 
seismically fast axes of olivine are in the plane 
of the flow, with the a-axis , the fastest direc
tion, pointing in the direction of flow. The b
axis, the minimum velocity direction, is gener
ally normal to the flow plane, or vertical. Pyrox
enes are also very anisotropic. The magnitude of 
the anisotropy in the mantle is comparable to 
that found in ultramafic rocks (Figure 20.1). Soft 
layers or oriented fluid-filled cracks also give an 
apparent anisotropy. Much seismic data that are 
used in upper-mantle modeling are averages over 
several tectonic provinces or over many azilnuths . 
Az imut h a l a ni sotropy may therefore be aver
aged out, but differences between vertical and 
horizontal velocities are not. 

Origin of mantle anisotropy 

Nicholas and Christensen (1987) elucidated the 
reason for strong preferred crystal orientation 
in deformed rocks . First, they noted that in 
homogenous deformation of a specimen com
posed of minerals with a dominant slip system, 
the preferred orientations of slip planes and 
slip directions coincide respectively with the ori
entations of the flow plane and the flow line. 
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Azimuthal anisotropy of Pn waves in the 

Pacific upper mantle. The unique anisotropy of 

the Pacific upper mantle has also been mapped with 

surface waves (after Morris et a/. , 1969). 

Simple shear in a crystal rotates all the lines 
attached to the crystal except those in the slip 
plane. This results in a bulk rotation of crystals 
so that the slip planes are aligned, as required 
to maintain contact between crystals . The crys
tal reorientations are not a direct result of the 
applied stress but are a geometrical requirement. 
Bulk anisotropy due to crystal orientation is 
therefore induced by plastic strain and is only 
indirectly related to stress. The result, of course, 
is also a strong anisotropy of the viscosity of 
the rock, and presumably attenuation, as well as 
elastic properties. This means that seismic tech
niques can be used to infer flow in the mantle. 
It also means that mantle viscosity inferred from 
postglacial rebound is not necessarily the same 
as that involved in plate tectonics and mantle 
convection. 

Peridotites from the upper mantle display 
a strong preferred orientation of the domi
nant minerals , olivine and orthopyroxene. They 
exhibit a pronounced acoustic-wave anisotropy 
that is consistent with the anisotropy of the 
constituent minerals and their orientation. In 

igneous rocks preferred orientation can be 
caused by grain rotation, recrystallization in a 
nonhydrostatic stress field or in the presence of 
a thermal gradient, crystal setting in magma 
chambers, flow orientation and dislocation
controlled slip. Macroscopic fabrics caused by 
banding, cracking, sill and dike injection can also 
cause anisotropy. Eclogites and basalts are much 
less anisotropic; anisotropy can therefore be used 
as a petrological tool. 

Plastic flow induces preferred orientations 
in rock-forming minerals. The relative roles of 
deviatoric stresses and plastic strain have been 
long debated. In order to assure continuity of a 
deforming crystal with its neighbors, five inde
pendent degrees of motion are required (the Von 
Mises criterion). This can be achieved in a crys
tal with the activation of five independent slip 
systems or with a combination of fewer slip sys
tems and other modes of deformation. In silicates 
only one or two slip systems are activated under 
a given set of conditions involving a given tem
perature, pressure and deviatoric stresses. The 
homogenous deformation of a dominant slip sys
tem and the orientation of slip planes and slip 
directions tend to coincide with the flow plane 
and the flow direction. 

Mantle peridotites typically contain more 
than 65% olivine and 20% orthopyToxene. The 
high-P wave direction in olivine (Figure 20.2) is 
along the a-axis [1001], which is also the domi
nant slip direction at high temperature. The low
est velocity crystallographic direction is [0101], 
the b-direction. which is normal to a common 
slip plane. Thus , the pattern in olivine aggregates 
is related to slip orientations. There is no such 
simple relationship with shear waves and , in 
fact, the S-wave anisotropy of peridotites is small. 
Orthopyroxenes also have large P-wave aniso
tropies and relatively small S-wave anisotropies. 
The high-Vp direction coincides with the [1001] 
pole of the unique slip plane and the inter
mediate Vp crystallographic direction coincides 
with the unique [0011] slip line (Figure 20.2). 
In natural peridotites the preferred orientation 
of olivine is more pronounced than the other 
minerals . Olivine is apparently the most ductile 
and easily oriented upper-mantle mineral, and 
therefore controls the seismic anisotropy of the 
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upper mantle. The anisotropy of .B-spinel, a high
pressure form of olivine that is expected to be 
a major mantle component below 400 km. is 
also high. TI1e y-spinel form of olivine, stable 
below about 500 km, is much less anisotropic. 
Recrystallization of olivine to spinel forms can 
be expected to yield aggregates with preferred 
orientation but with perhaps less pronounced 
P-wave anisotropy . .B-spinel has a strong S-wave 
anisotropy (24% variation with direction , 16% 
maximum difference between polarizations). The 
fast shear directions are parallel to the slow 
P-wave directions, whereas in olivine the fast 
S-directions correspond to intermediate P-wave 
velocity directions. Orthopyroxene transforms to 
a cubic garnet-like structure that is stable over 
much of the transition region part of the upper 
mantle. TI1is mineral, majorite, is expected to 
be relatively isotropic. Therefore, most of the 
mantle between 400 and 650 km depth is 
expected to have relatively low anisotropy, with 
the anisotropy decreasing as olivine transforms 
to the spinel structures. At low temperatures, as 
in subduction zones, the stable form of pyroxene 

is an ilmenite-type structure that is extremely 
anisotropic. Thus , the deep part of slabs may 
exhibit pronounced anisotropy, a property that 
could be mistaken for deep slab penetration in 
certain seismic experiments. 

Petrofabric studies combined with field stud
ies on ophiolite harzburgites give the following 
relationships. 

(1) Olivine c axes and orthopymxene b axes lie 
approximately parallel to the inferred ridge 
axis in a plane parallel to the Moho disconti
nuity. 

(2) The olivine a axes and the orthopYToxene c 
axes align subparallel to the inferred speading 
direction. 

(3) TI1e olivine b axes and the orthopYToxene a 
axes are approximately perpendicular to the 
Moho. 

These results indicate that the compressional 
velocity in the vertical direction increases with 
the orthopyroxene content, whereas horizontal 
velocities and anisotropy decrease with increas
ing orthopyroxerie content. 
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The maximum compressional wave velocity 
in orthopyroxene (along the a axis) parallels the 
minimum (b axis) velocity of olivine. For olivine 
b axis vertical regions of the mantle, as in ophi
olite peridotites, the vertical P-velocity increases 
with orthopyroxene content. The reverse is true 
for other directions and for average properties. 
Appreciable shear-wave birefringence is expected 
in all directions even if the individual shear 
velocities do not depend much on azimuth. The 
total P-wave variation with azimuth in olivine-
and orthopyroxene-rich aggregates is about 4-6%, 
while the S-waves only vary by 1 to 2% (Figure 
20.3). The difference between the two shear-wave 
polarizations, however, is 4-6%. The azimuthal 
variation of S-waves can be expected to be hard 
to measure because the maximum velocity differ
ence occurs over a small angular difference and 
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because of the long-wavelength nature of shear VS max 
waves. 

The shear-wave anisotropy in the ilmenite 
structure of pyroxene, expected to be important 
in the deeper parts of subducted slabs, is quite 
pronounced and bears a different relationship to 
the P-wave anisotropy than that in peridotites. 
One possible manifestation of slab anisotropy is 
the variation of travel times with take-off angle 
from intermediate- and deep-focus earthquakes. 
Fast in-plane velocities, as expected for oriented 
olivine, and probably spinel and ilmenite, may 
easily be misinterpreted as evidence for deep 
slab penetration. The mineral assemblages in 
cold slabs are also different from the stable 
phases in normal and hot mantle. The colder 
phases are generally denser and seismically fast. 
Anisotropy and isobaric phase changes in the 
source region have been ignored in most studies 
purporting to show deep slab penetration into 
the lower mantle. There is a trade-off between 
the length of a high-velocity slab and its veloc
ity contrast and anisotropy and structure at the 
source. 

Anisotropy of crystals 

Because of the simplicity and availability of the 
microscope, the optical properties of minerals 

N N 

E 

Equal area projection of the acoustic velocities 

measured on samples of peridotite . Dashed line is vertical 

direction, solid great circle is the horizontal (after 

Christensen and Salisbury, 1979). 

E 

receive more attention than the acoustic prop
erties . It is the acoustic or ultrasonic properties , 
however, that are most relevant to the inter
pretation of seismic data . Being crystals, miner
als exhibit both optical and acoustic anisotropy. 
Aggregates of crystals, rocks , are also anisotropic 
and display fabrics that can be analyzed in the 
same terms used to describe crystal symmetry. 
Tables 20.1, 20.2 and 20.3 summarize the acous
tic anisotropy of some important rock-forming 
minerals. Pyroxenes and olivine are unique in 
having a greater P-wave anisotropy than S-wave 
anisotropy. Spinel and garnet, cubic crystals , 
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Table 20.1 I Anisotropic properties of rock forming minerals 

P direction 

Mineral Symmetry Max. Min. 

Olivine Orthorhombic [I 00] [0 I OJ 
Garnet Cubic [00 I] ~50° * 

Orthopyroxene Orthorhombic [I 00] [0 I OJ 
Clinopyroxene Monoclinic [00 I] [I 0 I] 
Muscovite Monoclinic [I I OJ [00 I] 
Orthoclase Monoclinic [0 I OJ [I 0 I] 
Anorthite Triclinic [0 I OJ [I 0 I J 
Rutile Tetragonal [00 I] [I 00] 
Nepheline Hexagonal [00 I] [I 00] 
Spinel Cubic [I 0 I J [00 I] 
,B-Mg2Si04 Orthorhombic [0 I OJ [00 I] 

Babuska (1981), Sawamoto and others (1984). 

*Relative to [001 ]. 

tr(Vmax - Vmin) / Vmean] X 100. 

have low P-wave anisotropy. Hexagonal crystals, 
and the closely related class of trigonal crys
tals, have high shear-wave anisotropies. This is 
pertinent to the deeper part of cold subducted 
slabs in which the trigonal ilmenite form of 
pyroxene may be stable. Deep-focus earthquakes 
exhibit a pronounced angular variation in both 
S- and P-wave velocities and strong shear-wave 
birefringence. Cubic crystals do not necessarily 
have low shear-wave anisotropy. The major min
erals of the shallow mantle are all extremely 
anisotropic. .B-spinel and clinopyroxene are sta
ble below 400 km, and these are also fairly 
anisotropic. Below 400 km the major mantle min
erals at high temperature, y-spinel and garnet
majorite are less anisotropic. At the temperatures 
prevailing in subduction zones, the cold high
pressure forms of orthopyroxene, clinopyroxene 
and garnet are expected to give high velocities 
and anisotropies. If these are lined up, by stress 
or flow or recrystallization, then the slab itself 
will be anisotropic. This effect will be hard to 
distinguish from a long isotropic slab, if only 
sources in the slab are used. The mantle minerals 
outside of a sinking slab are also likely to be 
aligned. 

Max S 
Anisotropyt 

Direction I 
(percent) 

Polarization p s 
45°1135°* 25 22 
[ I I OJ I [ I I OJ 0.6 
[0 I OJ I [00 I ] 16 16 
[0 I I] I [0 T I] 21 20 
[0 I OJ I [ I 00] 58 85 
[0 I I] I [0 I T] 46 63 
[0 I I] I [0 IT] 36 52 
[ I 00] I [0 I OJ 28 68 
[0 I I J I [0 T I J 24 32 
[ I 00] I [0 I OJ 12 68 

16 14 

The elastic properties of simple oxides and sil
icates are predominantly controlled by the oxy
gen anion framework, especially for hexagonally 
close-packed and cubic close-packed structures, 
but also by the nature of the cations occur
ring within the oxygen interstices. Corundum 
(Al20 3 ) consists of a hexagonal close-packed array 
of large oxygen ions into which the smaller 
aluminum ions are inserted in interstitial posi
tions. Forsterite (Mg2 Si04 ) consists of a frame
work of approximately hexagonal close-packed 
oxygen ions with the Mg2~ cations occupying 
one-half of the available octahedral sites (sites 
surrounded by six oxygen ions) and the Si4~ 

cations occupying one-eighth of the available 
tetrahedral sites (sites surrounded by four oxy
gens). The packing of the oxygens depends on the 
nature of the cations. 

Theory of anisotropy 

In a transversely isotropic solid with a verti
cal axis of symmetry, we can define four elastic 
constants in terms of P- and S-waves propagat
ing perpendicular and parallel to the axis of 
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symmetry. The fifth elastic constant, F. requires 
information from another direction of propaga
tion. PH, SH are waves propagating and polarized 
in the horizontal direction and PV, SV are waves 
propagating in the vertical direction. In the ver
tical direction SH = SV; the two shear waves 
travel with the same velocity, and this velocity 
is the same as SV waves traveling in the horizon
tal direction. There is no azimuthal variation of 
velocity in the horizontal, or symmetry. plane. 

Love waves are composed of SH motions, and 
Rayleigh waves are a combination of P and SV 
motions. In isotropic material Love waves and 
Rayleigh waves require only two elastic constants 
to describe their velocity. In general, more than 
two elastic constants at each depth are requi
red to satisfy seismic surface-wave data, even 
when the azimuthal variation is averaged out, 
and complex vertical variations are allowed. 

The upper mantle exhibits what is known 
as polarization anisotropy. In general, four elas
tic constants are required to describe Rayleigh
wave propagation in a homogenous transversely 
or equivalent transversely isotropic mantle. 

Transverse isotropy. although a special case 
of anisotropy. has quite general applicability in 
geophysical problems. This kind of anisotropy is 
exhibited by laminated or layered solids, solids 
containing oriented cracks or melt zones, peri
dotite massifs. harzburgite bodies, the oceanic 
upper mantle and floating ice sheets. A mantle 
containing small-scale layering, sills or randomly 
oriented dikes will also appear to be macro
scopically transversely isotropic. Since seismic 
waves have wavelengths of tens to hundreds of 
ldlometers, the scale of the layering can actu
ally be quite large. If flow in the upper man
tle is mainly horizontal, then the evidence from 
fabrics of peridotite nodules and massifs sug
gests that the average vertical velocity is less 
than the average horizontal velocity. and horizon
tally propagating SH-waves will travel faster than 
SV-waves. In regions of upwelling and subduc
tion, the slow direction may not be vertical, but if 
these regions are randomly oriented, the average 
Earth will still display the spherical equivalent 
of transverse isotropy. Since the upper mantle is 
composed primarily of the very anisotropic crys-
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incidence relative to the symmetry plane and an anisotropic 

parameter, which varies from 0.9 to 1. 1 at intervals of 0.05. 

Parameters are Vpv = 7.752, VpH = 7.994, Vsv = 4.343, all in 

km/s (after Dziewonski and Anderson, 1981 ). 

tals olivine and pyroxene, and since these crys
tals tend to align themselves in response to flow 
and non-hydrostatic stresses, it is likely that the 
upper mantle is anisotropic to the propagation 
of elastic waves. Although the preferred orien
tation in the horizontal plane can be averaged 
out by determining the velocity in many direc
tions or over many plates with different motion 
vectors, the vertical still remains a unique 
direction. It can be shown that if the azimuthally 
varying elastic velocities are replaced by the hor
izontal averages, then many problems in seismic 
wave propagation in more general anisotropic 
media can be reduced to the problem of trans
verse isotropy. 



THE EFFECT OF ORIENTED CRACKS ON SEISMIC VELOCITIES 263 

The inconsistency between Love- and Rayleigh
wave data, first noted for global data, has now 
been found in regional data sets and it appears 
that anisotropy is an intrinsic and widespread 
property of the uppermost mantle. The crust and 
exposed sections of the upper mantle exhibit lay
ering on scales ranging from meters to kilome
ters. Such layering in the deeper mantle would 
be beyond the resolution of seismic waves and 
would show up as an apparent anisotropy. This, 
plus the preponderance of aligned olivine in 
mantle samples, means that at least five elastic 
constants are probablyrequired to properly 
describe the elastic response of the upper man
tle. It is clear that inversion of P-wave data, 
for example, or even of P and SV data can
not provide all of these constants. Even more 
serious, inversion of a limited data set, with 
the assumption of isotropy, does not necessar
ily yield the proper structure. The variation of 
velocities with angle of incidence, or ray param
eter, will be interpreted as a variation of velocity 
with depth. In principle, simultaneous inversion 
of Love-wave and Rayleigh-wave data along with 
shear-wave splitting data can help resolve the 
ambiguity. 

Because seismic waves have such long 
wavelengths , a mantle composed of oriented 
subducted slabs with partially molten basaltic 
crusts could be misinterpreted as a partially 
molten aggregate with grain boundary films 
and oriented crystals. Global tomography can 
only resolve large-scale features . Anisotropy and 
anelasticity, however, contain information about 
the smaller scale fabric of the mantle. Both 
anisotropy and anelasticity may be the result of 
kilometer, or tens of kilometer, scale features or 
the result of grain-scale phenomena. 

Transverse isotropy of layered media 

A material composed of isotropic layers appears 
to be transversely isotropic for waves that are 
long compared to the layer thicknesses. The 
symmetry axis is obviously perpendicular to the 
layers . All transversely isotropic material, how
ever, cannot be approximated by a laminated 

solid. For example, in layered media, the veloc
ities parallel to the layers are greater than in 
the perpendicular direction. This is not gener
ally true for all materials exhibiting transverse or 
hexagonal symmetry. Backus (1962} derived other 
inequalities which must be satisfied among the 
five elastic constants characterizing long-wave 
anisotropy of layered media. 

The effect of oriented cracks on 
seismic velocities 

The velocities in a solid containing flat-oriented 
cracks, or magma-filled sills, depend on the elas
tic properties of the matrix, porosity or melt 
content, aspect ratio of the cracks, the bulk mod
ulus of the pore fluid, and the direction of propa
gation. Substantial velocity reductions, compared 
with those of the uncracked solid, occur in the 
direction normal to the plane of the cracks. 
Shear-wave birefringence also occurs in rocks 
with oriented cracks. 

Figure 20.5 gives the intersection of the veloc
ity surface with a plane containing the unique 
axis for a rock with ellipsoidal cracks. The short
dashed curves are the velocity surfaces, spheres, 
in the crack-free matrix. The long-dashed curves 
are for a solid containing 1% by volume of aligned 
spheroids with ex = 0.5 and a pore-fluid bulk 
modulus of 100 kbar. The solid curves are for 
the same parameters as above but for a rela
tively compressible fluid in the pores with mod
ulus of 0.1 kbar. The shear-velocity surfaces do 
not depend on the pore-fluid bulk modulus . Note 
the large compressional-wave anisotropy for the 
solid containing the more compressible fluid . The 
ratio of compressional velocity to shear velocity is 
strongly dependent on direction and the nature 
of the fluid phase. 

There is always the question in seismic inter
pretations whether a measured anisotropy is due 
to intrinsic anisotropy or to heterogeneity, such 
as layers , sills or dikes. The magnitude of the 
anisotropy often can be used to rule out an 
apparent anisotropy due to layers if the required 
velocity contrast between layers is unrealistically 
large. The velocities along the layers, in the 
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Table 20.2 1 Elastic coefficients of equivalent transversely isotropic models of 
the upper mantle. 

Olivine Model Petrofabric PREM 

(I) (2) (3) (4) (5) (6) 

Mbor 
A 2.416 2.052 2.290 2.208 2.25 1 2.176 
c 2.265 3.141 2.202 2.365 2.151 2.044 
F 0.752 0.696 0.721 0.724 0.860 0.831 
L 0.659 0.723 0.770 0.790 0.655 0.663 
N 0.824 0.623 0.784 0.746 0.708 0.66 1 

km/s 
VpH 8.559 7.888 8.324 8.174 8. 165 8.049 
VPV 8.285 9.757 8.166 8.460 7.982 7.800 
VsH 5.000 4.347 4.87 1 4.752 4.580 4.436 
Vsv 4.470 4.684 4.828 4.889 4.404 4.441 

Mbar/Mbar 

~ 1.250 0.861 1.018 0.944 1.081 0.997 
¢ 0.937 1.531 0.96 1 1.071 0.956 0.939 
I] 0.686 1.1 51 0.963 1.153 0.914 0.977 

g/cm3 

p 3.298 3.298 3.305 3.305 3.377 3360 

(1) Olivine based model ; a horizontal, b horizontal, c vertical (Nataf et al. , 1986). 
(2) a-vertical, b-horizontal, c-horizontal. 
(3) Petrofabric model; horizontal flow (Montagner and Nataf, 1986). 
(4) Petrofabric model; vertical flow. 
(5) PREM, 60 km depth (Dziewonski and Anderson, 1981). 
(6) PREM, 220 km depth. 

symmetry plane, are faster than velocities per
pendicular to the layers . No such restrictions 
apply to the general case of crystals exhibit
ing hexagonal symmetry or to aggregates com
posed of crystals having preferred orientations. 
In a laminated medium, with a vertical axis 
of symmetry, the P and SH velocities decrease 
monotonically from the horizontal to the verti
cal. A cracked solid with flat aligned cracks, or 
an asthenosphere with sills , behaves as a trans
versely isotropic solid. If the oceanic lithosphere 
is permeated with aligned dikes, it will behave 
a hexagonal crystal, with a horizontal symmetry 
axis. 

Oriented cracks are im.portant in crustal seis
mic studies and indicate the direction of the pre-

vailing stress or a paleostress field . The orienta
tion of the shear waves and their velocities will 
be controlled by the orientation of the cracks. 
The magnitude of the velocity difference will be 
controlled by the crack density and the nature of 
the pore fluid. Cracks may form and open up as 
a result of tectonic stresses. 

Global maps of transverse isotropy 
as a function of depth 

There are numerous studies of upper mantle 
shear wave velocity and anisotropy. 
Azimuthal anisotropy can reach 10% in the 
shallowest mantle . Polarization anisotropy up 
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ocean, a fast region centered southeast of South 
America. At 100 km depth the overall variations 
are smaller than at shallower depth. Triple junc
tions are slow. Below 200 km depth, the correla
tion with surface tectonics starts to break down. 
Shields are fast, in general, but ridges do not 
show up systematically. The East African region , 
centered on the Afar, is slow. The south-central 
Pacific is faster than most shields. An interesting 
feature is the belt of slow mantle at the Pacific 
subduction zones , a manifestation of the volcan
ism and marginal sea formation induced by the 
sinking ocean slab. Below 340 km, the same belt 
shows up as fast m antle ; the effect of cold sub

'-----,:T----'-----'---'--'-'--.L.._--'---"--'-- -- s,y ducted material that was formerly part of the 

V (km/s) 

Velocities as a function of angle and fluid 

properties in granite containing aligned ellipsoidal cracks 

(orientation shown at origin) with porosity = 0.0 I and aspect 

ratio = 0.05. The short dashed curves are for the isotropic 

uncracked solid, the long dashes for liquid-filled cracks (KL = 
I 00 kbar) and the solid curves for gas-filled cracks (KL = 

0.1 kbar) (after Anderson eta/., 1974). 

to 5% has been inferred from surface-wave 
studies in order to fit Love waves and Rayleigh 
waves . Azimuthal anisotropy can be averaged 
out. We are then left with only polarization 
anisotropy and can use a transversely isotropic 
parameterization. 

Shear-velocity maps and cross-sections are 
shown in Figures 20.6 through 20.8 . Shear veloc
ity shows a strong correlation with surface tec
tonics down to about 200 Ian. Deeper in the 
mantle the correlation vanishes, and some long
wavelength anomalies appear. At 50-100 km 
depth heterogeneities are closely related to sur
face tectonics . All major shields show up as 
fast regions (Canada, Africa, Antarctica, West 
Australia, South America). All major ridges show 
up as slow regions (East Pacific, triple junctions 
in the Indian Ocean and in the Atlantic, East 
African rift) . The effect of the fast mantle beneath 
the shields is partially offset by the thick crust. 
Old oceans also appear to be fast, but not as 
fast as shields. A few regions seem to be anoma
lous, considering their tectonic setting: a slow 
region around French Polynesia in average age 

surface thermal boundary layers . Many ridge seg
ments are now fast. At larger depths the reso
lution becomes poor, but these trends seem to 
persist. 

At intermediate depths , regions of uprising 
(ridges) or downwelling (subduction zones) have 
an SV > SH anisotropy. Shallow depths (50 km) 
show very large anisotropy variations (± 10%). 
From observed Pn anisotropy and measured 
anisotropy of olivine, such values are not unrea
sonable. At 100 Ian the amplitude of the vari
ations is much smaller (± 5%), but the pattern 
is similar. The Mid-Atlantic Ridge has SV > SH, 
whereas the other ridges show no clear-cut trend. 
Under the Pacific there appear to be some par
allel bands trending northwest-southeast with a 
dominant SH > SV anomaly. This is the expected 
anisotropy for horizontal flow of olivine-rich 
aggregates . At 340 km, most ridges have SH < SV 
(vertical flow). Antarctica and South An1erica 
have a strong SV < SH anomaly (horizontal flow). 
North America and Siberia are almost isotropic 
at this depth. They exhibit, however, azimuthal 
anisotropy. The central Pacific and the eastern 
Indian Ocean have the characteristics of verti-
cal flow. These regions have faster than average 
velocities at shallow depths and may represent 
sinkers . 

Age-dependent transverse isotropy 

A wide band of anomalous bathymetry and mag
matism extends across the Pacific plate from 



266 FABRIC OF THE MANTLE 

SCALE: 

~ 

-0.20 

Vsv 

+0.25km/s 

!-t-t-··············-= .......... 
••••• ·.·.·.·.·.--40 .. ~ ...... ·.· . · .·.·.·.·-~-~~ 

t • • • • • • • • • - -·· · · ···· · ·---• • • t • • • • • • • -

I I t o o o o o o ~ • "' • 

+0.20 

NNA6, Seismic Flow Map, depth: 280km 

Seismic flow map at 280 km depth. This combines 

information about shear velocity and polarization anisotropy. 

Open symbols are slow, solid symbols are fast. Vertical 

diamonds are SV > SH. Horizontal diamonds are SH > SV. 

Slow velocities are at least partially due to high temperatures 

and , possibly, partial me lting. 

the Samoa-Tonga elbow to the Juan Fernandez 
microplate on the East Pacific plate (Montagner, 
2002). This band is also reflected in seismic veloc
ities and anisotropy. This band continues across 
the Nazca plate, the Challenger fracture zone and 
the Juan Fernandez volcanic chain to the south 
end of the volcanic gap in Chile . To first order, the 
azimuthal anisotropy below the Pacific reflects 

the plate motion as a whole. It is in good agree
ment with models of plate motions. This anoma
lous band may represent a future plate plate 
boundary between the North and South Pacific. 

If the mantle is anisotropic, the use of 
Rayleigh waves or P-waves alone is of limited use
fulness in the determination of man tie structure 
because of the trade-off between anisotropy and 
structure. Love waves and shear waves provide 
additional constraints. If it is assumed that avail
able surface-wave data are an azimuthal average, 
we can treat the upper mantle as a transversely 
isotropic solid with five elastic constants. The 
azimuthal variation of long-period surface waves 
is small. 
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S velocity from abou t 50 to 550 km along the 

great-circle path shown. Cross-sections are shown with two 

vertical exaggerations. Velocity variations are much more 

extreme at depths less than 250 km than at greater depths. 

The circles on the map represent hotspots. 

Mapping mantle flow 

The combined inversion of Rayleigh waves and 
Love waves across the Pacific has led to models 
that have age-dependent properties; LID thick
nesses, seismic velocities and anisotropies. In gen
eral, the seismic lithosphere increases in thick
ness with age and VsH > Vsv for most of the 
Pacific. However, VsH < Vsv for the younger and 
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older parts of the Pacific, suggesting a change in 
the flow regime or the mantle fabric . 

The variation of velocities and anisotropy 
with age suggests that stress- or flow-aligned 
olivine may be present. The velocities depend 
on temperature, pressure and crystal orientation. 
An interpretation based on flow gives the veloc
ity depth relations illustrated in Figure 20.9. The 
upper-left diagram illustrates a convection cell 
with material rising at the midocean range (R) 
and flowing down at the trench (T). 

The lower left of Figure 20.9 shows the 
schematic temperature profile for such a cell. The 
seismic velocities decrease with temperature and 
increase with pressure. Combining the effects 
of temperature and pressure , one obtains a 
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S velocity in the upper mantle along the 

cross-section shown. Note low velocities at shallow depth 

under the western Pacific. replaced by high velocities at 

greater depth. The eastern Pacific is slow at all depths. The 

Atlantic is fast below 400 km. 

relation between velocity and depth . At th e 
ridge the temperature increases very rapidly with 
depth near the surface; thus. the effects of tem
perature dominate over those of pressure, and 
velocities decrease. Deeper levels under the ridge 
are almost isothermal; thus. the effect of pres
sure dominates, and the velocities increase. At 
the trench the temperature gradient is large near 
the base of the cell and nearly isothermal at shal
lower depths . Therefore, the velocity response 

is a mirror image of that at the ridge . Midway 
between the ridge and the trench (M) . the temper
ature increases rapidly near the top and bottom 
of the cell. Thus, the velocities decrease rapidly 
in these regions . 

The crystal orientation, if alignment with 
flow is assumed, is with the shortest and slow
est axis (b axis) perpendicular to the flow. Thus , 
at the ridge and the trench where the flow is 
near vertical, the b axis is horizontal. and mid
way between where the flow is horizontal, the b 
axis is vertical. VPH and VSH between the upward 
and downward flowing edges of the convection 
cell are controlled by the velocities along the a 
axis and c axis . Thus , at midpoint. and wher
ever flow is horizontal. SH > SV and PH > PV. 
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Schematic representation of seismic velocities 

due to temperature, pressure, and crystal orientation 

assuming a flow-aligned olivine model. The upper left diagram 

shows a convection cell with arrows indicating flow direction. 

The trench is indicated by T, the ridge by R, and the midpoint 

by M. The lower left diagram shows temperature depth 

profiles for the trench, ridge and midpoint. The upper and 

lower right diagrams show the nature of the velocity depth 

structure of VSH and VSV, respectively due to pressure, 

temperature and crystal orientation. 

At the ridge and at the trench the flow is verti
cal , rapidly changing to horizontal at the top and 
bottom of the cell. For vertical flow the horizon
tal velocity is controlled by the b-axis and c-axis 
velocities , so SH < SV and PH < PV. The values at 
the top and bottom of the cell rapidly change to 
the horizontal flow values. Between the midpoint 
and the trench or ridge, the transition from hori
zontal to vertical flow velocities becomes sharper, 
and the depth extent of constant vertical veloci
ties increases. 

For the 100-200 km depth range for the 
youngest regions , SH > SV. The vertical flow 
expected in the ridge-crest environment would 
exhibit this behavior. The temperature gradients 
implied are 5-8 oc per kilometer for older ocean. 
The young ocean results are consistent with reori
entation of olivine along with a small tempera
ture gradient. With these temperature and flow 
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models, the velocity of Love waves along ridges 
is expected to be extremely slow. The velocity of 
Rayleigh waves is predicted to be high along sub
duction zones . For midplate locations, Love-wave 
velocities are higher and Rayleigh-wave velocities 
are lower than at plate boundaries. 

The average Earth model (Table 20.9) takes 
into account much shorter period data than used 
in the construction of PREM. Note that a high
velocity LID is required by this shorter wave
length information. This is the seismic litho
sphere. It is highly variable in thickness, and an 
average Earth value has little meaning. The seis
mic LID is about the same thickness as the strong 
lithosphere, and much thinner than the thermal 
boundary layer and, probably, the plate. 

Azimuthal anisotropy 

Maps of global az imu t h a l and polar
ization a n isotr op y are now readily avail
able. Anisotropy of the upper mantle may orig
inate from preferred orientation of olivine- and 
other - crystals or from a larger-scale fabric per
haps related to ancient slabs in the mantle. The 
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Table 20.3 I Upper mantle velocities for the average Earth model. 

Thickness (km) Vpv (km/s) VpH (km/s) Vsv (km/s) VsH (km/s) 'Y/ QIL 

Water 3.00 1.45 
Crust I 12.00 5.80 
Crust2 3.40 6.80 
LID 28.42 8.02 
LVZ top 7.90 
LVZ bottom 7.95 
220 km 8.56 
400 km 8.91 

Regan and Anderson (1984). 
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a-axes of olivine-rich aggregates tend to cluster 
around the flow direction, the a and c axes 
concentrate in the flow plane, and the b axes 
align perpendicular to the flow plane [Nicolas 
& Poirier anisotropy]. For P-waves the a, b, 
and c axes are, respectively, the fast, slow, and 
intermediate velocity directions. If the flow plane 
is horizontal, the azimuthal P-wave velocity 

1.45 0.00 0.00 1.00 00 

5.80 3.20 3.20 1.00 600 
6.80 3.90 3.90 1.00 600 
8.19 4.40 4.61 .90 600 
8.00 4.36 4.58 .80 80 
8.05 4.43 4.44 .98 80 
8.56 4.64 4.64 1.00 1.43 
8.91 4.77 4.77 1.00 143 

ations (Hager and O'Connell, 1979). This is con
sistent with the fast (a-axis) of olivine being 
aligned in the flow direction. The main differ
ences between the ldnematic return-flow models 
and the Rayleigh-wave azimuthal variation maps 
occur in the vicinity of hotspots. A large part of 
the return flow associated with plate tectonics 
appears to occur in the upper mantle, and this 
in turn requires a low-viscosity channel. Figure 
20.12 is a map of the azimuthal results for 200-s 
Rayleigh waves. The lines are oriented in the 
maximum velocity direction, and the length of 
the lines is proportional to the anisotropy. The 
azimuthal variation is low under North Alner
ica and the central Atlantic, between Borneo 
and japan, and in East Antarctica. Maximum 
velocities are oriented northeast-southwest under 
Australia, the eastern Indian Ocean and north
ern South An1erica and east-west under the cen
tral Indian Ocean; they vary under the Pacific 
Ocean from north-south in the southern central 
region to more northwest-southeast in the north
west part. The fast direction is generally perpen
dicular to plate boundaries. 

There is good correlation of fast Rayleigh 
wave directions with the upper-mantle return 
flow models derived from kinematic consider-

Hager and O'Connell (1979) calculated flow in 
the upper mantle by taldng into account the drag 
of the plates and the return flow from subduction 
zones to spreading centers. Flow lines for a model 
that includes a low-viscosity channel in the upper 
mantle are shown in Figure 20.1 2. Flow under 
the large fast-moving plates is roughly antipar
allel to the plate motions . Thermal buoyancy is 
ignored in these calculations, and there is no lat
eral variation in viscosity. An interesting feature 
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of this map is that the vectors are parallel to 
so-called hotspot tracks; if fertile heterogeneities 
occur in the asthenosphere and are responsible 
for hotspots then these hotspots will appear to be 
motionless on a given plate, but will move with 
respect to hotspots on other plates. For example, 
the hotspot tracks on the Nazca plate will appear 
to move relative to those on the Pacific plate, and 
hotspots in the Atlantic, Antarctic and Africa will 
appear to be stationary. 

In the kinematic flow model the flow is nearly 
due south under Australia, shifting to southwest 
under the eastern Indian Ocean, or directly from 
the subduction zones to the nearest ridge. In 
the anisotropic map the inferred flow is more 
southwestward under Australia, nearly parallel 
to the plate motion, shifting to east-west in the 
eastern Indian Ocean. The southeastern Indian 
Ridge is fast at depth, suggesting that this ridge 
segment is shallow. The Mid-Indian Ridge, the 
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(a) Azimuthal 

anisotropy of 200-s Rayleigh waves. 

The lines indicate the fast phase 

velocity direction. The length of the 

lines is proportional to the 

anisotropy (Tanimoto and Anderson, 

1984). (b) Flow lines at 260 km 

depth for the upper-mantle 

kinematic flow model of Hager and 

O 'Connell ( 1979). The model 

includes a low-viscosity channel in 

the upper mantle . The flow lines 

mimic hotspot tracks, and the 

relative motions of hotspots, 

suggesting that entrained 

asthenospheric heterogeneities 

might explain melting anomalies on 

plates. 

Indian Ocean triple junction, and the Tasman Sea 
regions are slow, suggesting deep hot anomalies 
in these regions . These deep anomalies are off
set from those implicit in the kinematic model 
and apparently are affecting the direction of the 
return flow. 

Similarly, the flow under the northern part of 
the Nazca plate is diverted to the southwest rela
tive to that predicted, consistent with the velocity 
anomaly observed near the southern part of the 
Nazca-Pacific ridge . The flow lines in the mantle 
under the Nazca plate are parallel to the hotspot 
tracks. The anisotropy due north of India indi
cates north-south flow, perpendicular to the plate 
motion of Eurasia and the theoretical return-flow 
direction. One interpretation is that the Indian 
plate has subducted beneath the Tibetan plateau 
and extends far into the continental interior. 

Note that anisotropy and predicted flow vec
tors are subparallel under the Pacific plate but 
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are different for the Nazca plate and the Indo
Australian plate. If these are indeed flow vec
tors then fertile heterogeneities in the astheneo
sphere will show little relative motion under a 
given plate. In fact, the vectors are similar in rel
ative motions to hotspot tracks, suggesting that 
hotspots may have a shallow origin. The mantle 
is likely to be heterogenous in its melting point 
and ability to produce basalt (fertility). If fer
tile blobs are embedded in the upper man
tle return flow channel the above map will give 
their relative directions and velocities. For exam
ple, fertile blobs under the Pacific plate will trace 
out parallel paths and move at about the same 
velocity with respect to one another. The blobs 
under the African and Antarctic plates will be 
almost motionless. The blobs under the Indian 
plate will move north and those under the Nazca 
plate will move east-west. These are similar to 
the motions of hotspot tracks and to the relative 
motions of hotspots. If the return flow channel 
is 3 to 4 times thicker than the plates, then the 
velocities will be 3 to 4 times slower than plate 
velocities. This is an explanation for the near fix
ity of hotspots relative to one another. 

Shear-wave splitting and 
slab anisotropy 

In an anisotropic solid there are two shear 
waves, having mutually orthogonal polariza
tions, and they travel with different velocities. 
This is known as shear-wave splitting 
or birefringence. Since shear waves are 
secondary arrivals and generally of long period, 
it requires special studies to separate the two 
polarizations from each other and from other 
later arrivals. Deep-focus events are the most 
suitable for this purpose; many studies 
have clearly demonstrated the existence of 
splitting. 

Ando eta!. (1983), in an early pioneering study, 
analyzed nearly vertically incident shear waves 
from intermediate and deep-focus events beneath 
the Japanese arc. The time delay between the 
two nearly horizontal polarizations of the shear 
waves was as much as 1 s. The polarization 
of the maximum-velocity shear waves changed 

Variation of compressional velocity with 

direction in the ilmenite form of MgSi03. This is a stable 

mineral below about 500 km in cold slabs. MgSi03-ilmenite is 

a platy mineral and may be oriented by stress, flow and 

recrystallization in the slab. Ice (in glaciers) and calcite (in 

marble) have similar crystal structures and are easily oriented 

by flow, giving anisotropic properties to ice and marble 

masses. The deep slab may also be anisotropic. 

MODE 0 T 10 
0.~--------------------------~~~ -.... -... ---...... : 

.., .. ---- .. 

--VS 

---- · vsv 
--- VSH 

400 800 1200 1600 2000 

Depth (km) 

Partial derivatives for a relative change in period 

of toroidal mode (Love wave) oT1o due to a change in shear 

velocity as a function of depth. The solid line gives the 

isotropic partial derivative. The dashed lines give the effect of 

perturbations in two components of the velocity. Period is 
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from roughly north-south in the northern part 
of the arc to roughly east-west further south. TI1e 
anisotropic regions were of the order of 100 km 
in extent and implied a 4% difference in shear
wave velocities in the mantle wedge above the 
slab. 

In another early paper, Fukao (1984) stud
ied ScS splitting from a deep-focus event in the 
Kuriles recorded in Japan. The uniformity in 
polarization across the Japanese arc is remark
able . The faster ScS phase had a consistent polar
ization of north-northwest - south-southeast and 
an average time advance of 0.8 ± 0.4s over the 
slower ScS wave. The splitting could occur any
where along the wave path, but the consistency 
of the results over the arc and the difference 
from the direct S results, from events beneath 
Japan, suggests that the splitting occurs in the 
vicinity of the source. The fast polarization direc
tion is nearly parallel to the dip direction of the 
Kurile slab and the fast P-wave direction of the 
Pacific plate in the vicinity of the Kurile Trench. 
TI1e stations are approximately along the strike 
direction of the deep Kurile slab. All of this sug
gests that the splitting occurs in the slab beneath 
the earthquake. This earthquake has been given 
various depths ranging from 515 to 544 km, 
the uncertainty possibly resulting from deep
slab anisotropy. If the slab extends to 100 km 
beneath the event, the observed splitting could 
be explained by 5% anisotropy.TI1is event shows a 
strongS-wave residual pattern with the fast direc
tions along the strike direction. The residuals 
vary by about 6 s. The waves showing the earliest 
arrival times spend more time in the slab than 
the nearly vertical ScS waves . TI1ey also travel in 
different azimuths. If the fast shear-velocity direc
tions are in the plane of the slab, this will add 
to the effect caused by low temperatures in the 
slab. Thus , a large azimuthal effect can accumu
late along a relatively short travel distance in the 
slab. If the slab is 5% faster due to temperature 
and 5% anisotropic, then rays travelling 300 km 
along the strike direction will arrive 6 s earlier 

than waves that exit the slab earlier. Actually, 
the anisotropy implied by the vertical ScS waves 
just gives the difference in shear-wave velocities 
in that (arbitrary) direction and is not a mea
sure of the total azimuthal S-wave velocity vari
ation, which can be much larger. The presence 
of near-source anisotropy can give results similar 
to those caused by a long cold isotropic slab and 
can cause artifacts in global tomographic mod
els, e.g. fast blue bands in the lower mantle on 
strike with the deep focus earthquakes used in 
the inversion. 

The mineral assemblage in the deeper parts 
of the slab are different from those responsi
ble for the anisotropy in the plate and in the 
shallower parts of the slab. TI1e orientation of 
high-pressure phases is possibly controlled both 
by the ambient stress field and the orienta
tion of the 'seed' low-pressure phases. Results 
to date are consistent with the fast crystallo
graphic axes being in the plane of the slab. The 
most anisotropic minerals at various depths are 
olivine ( < 400 km), modified-spinel (400-500 km) 
and MgSi03-ilmenite (> 500 km). TI1e last phase 
is not expected to be stable at the higher tem
peratures in normal mantle, being replaced by 
the more isotropic garnet-like phase majorite . 
Thus , the deep slab cannot be modeled as sim
ply a colder version of normal mantle. It differs 
in mineralogy and therefore in intrinsic veloc
ity and anisotropy. Ilmenite is one of the most 
anisotropic of mantle minerals (Figure 20.13), 
especially for shear waves . If it behaves in aggre
gate as do ice and calcite, which are similar 
structures, then a cold slab can be expected to 
be extremely anisotropic. Seismic waves which 
travel along the South American slab for large 
distances on their way to North American sta
tions can be expected to arrive very early, espe
cially at shield stations. Some of this effect may 
be mapped as fast bands in the deep man
tle under North America and the Atlantic and 
will be interpreted in terms of deep slab 
p e n etration. 


