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384 Deformation of Earth Materials

significantly with pressure as can be seen from

AlogVy /OT~—0,(P)~—0,(0)(p/p0) ™" (75(0)(po/p)—

1), where 1 have used the relation auy(P)/oun(0)=

(p/po) " and ~yp=~constant (Chapter 4). From this
equation it is obvious that |8logV¢/8T} is reduced
significantly with depth, whereas |dlogV,/0X.| is
nearly independent of depth.

Direct effects of partial melting

In addition to its effects through the change in major
element chemistry and water content, partial melting
has direct effects on seismic properties, i.e., the effect of
the presence of melts on mechanical properties. Some
details of the effects of partial melting on seismic pro-
perties are discussed in Chapter 11. The presence of
melt affects the seismic wave propagation in several
ways. First, melt has different elastic moduli (zero
shear modulus and a much smaller bulk modulus)
than those of solid minerals. Consequently, a mixture
of melt and solid has different elastic properties than a
pure solid. Second, deformation of melt occurs by
viscous flow as well as by elastic compression.
Consequently, deformation becomes time-dependent
and there will be attenuation and seismic wave veloc-
ities become frequency-dependent.

O’ConNELL and Bubpianskr (1977) provided a
detailed analysis of both elastic and anelastic pro-
perties of partially molten materials (liquid and solid
mixtures) (TAKEI (1998) obtained similar results for
relaxed moduli through the analysis of deformation
due to grain—grain contact, see also TakEgr (2000,
2002)). Briefly, the elastic and anelastic properties of
a partial melt depend on the contrast in bulk modulus,
the viscosity of the melt and the geometry of the melt
pocket. When the contrast in bulk modulus is large
(this is usually the case for silicates), then the presence
of a melt phase reduces the compressional wave veloc-
ity and increases bulk attenuation (Chapter 11). This
effect is also sensitive to the melt geometry. Fig. 20.13
shows the Rg/p (for low-frequency, relaxed velocities)
as a function of the aspect ratio of the melt pocket and
the bulk modulus ratio. For equilibrium geometry,
partial melting in typical mantle conditions will lead
to Rsp ~ 1-1.2, whereas a highly flattened melt
pocket could yield Rg/p ~ 2—2.5. The range of values
of Rg/p for partially molten materials is within the
range of thermally induced anomalies (see Fig. 20.9)
and therefore the values of Rgp cannot be used to
uniquely identify the presence of flattened melt pockets.
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FIGURE 20.13 A plot showing the influence of the bulk modulus
ratio, 8 = Ksolid /Kmelt, and the aspect ratio, «, of melt pocket on Rgp
for (relaxed) seismic wave velocities of partially molten rocks (after
TAKEl, 2002).

The recent experimental study showed that the fre-
quency dependence of attenuation is weak for a parti-
ally molten peridotite due to the presence of a broad
peak in the seismic frequency range (JACKSON et al.,
2004a) as compared to that of melt-free olivine aggre-
gates for which attenuation depends on frequency
through a power law, Q «x o® with a=0.2-0.4 (see
Chapter 11). The seismological observations on the
frequency dependence of attenuation in the Philippine
Sea upper mantle are, however, consistent with melt-
free olivine and not with a partially molten peridotite
(SHITO et al., 2004). This indicates that either partial
melt is not present in this region or that even if there is
partial melting the characteristic frequency of attenu-
ation is away from seismic frequencies. Furthermore,
rather surprisingly, the extensive studies on the struc-
ture of the mantle beneath a mid-ocean ridge failed to
find evidence for melt-induced anisotropy (WoLFE and
SoLomoN, 1998), suggesting that regions of significant
melt (>1 %) are highly localized. Alternatively, partial
melt may exist in these regions but the shape of the melt
pocket is not modified by stress. Similarly, high elec-
trical conductivity is often considered as evidence
for partial melting (SHANKLAND et al., 1981).
However, KaraTo (1990) suggested that high electri-
cal conductivity can be attributed to high water
(hydrogen) content without invoking partial melting
(this was confirmed later by WANG et al. (2000)).
Geochemical/geodynamic observations indicate that
at a given time and point beneath mid-ocean ridges,
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the volume fraction of melt is less than 0.1%
(SpiEGELMAN and KENYON, 1992; SPIEGELMAN and
ELLioTT, 1993). Consequently, I conclude that there is
little seismological observation to support the presence
of a significant fraction of partial melting in most of the
Earth’s mantle. Melting must occur at least beneath
volcanoes, but these observations suggest that the frac-
tion of melt in a broad region beneath volcanoes (mid-
ocean ridges) is small, presumably due to efficient melt
transport. Also petrological studies have shown that
the degree of melting in the deep upper mantle
(>70km) is controlled by the amount of water (and
carbon dioxide) and is ~0.1% (LANGMUIR et al.,
1992). The ultra-low velocity zone near the bottom of
the mantle might be a region of partial melting
(WiLLiams and GARNERO, 1996; LAy et al., 2004),
but an alternative explanation in terms of high Fe
content is also possible (GARNERO and JEANLOZ,
2000).

The above summary suggests that regions with a
significant amount of melt are highly localized.
Identifying these regions is important for Earth science.
There are several ways by which the presence of melt can
be inferred. For example, the presence of melt often
leads to bulk attenuation (see Chapter 11). Bulk attenu-
ation is expected to be very small for solid-state mecha-
nisms of anelasticity. Consequently, the detection of
bulk attenuation is a way to identify the presence of
partial melt. Also, if a large lateral variation in seismic
wave velocities is observed without a large variation in
attenuation, the presence of partial melt is inferred when
the influence of major element chemistry is small.

Grain size
Grain size should not have any effect on high-
frequency seismic wave velocity, fo(& o) However, grain

size may affect anelasticity. FAuL and JacksonN (2005)
proposed that in addition to temperature and pressure,
grain size has some effects on seismic wave attenuation
and hence indirectly seismic wave velocities in the
upper mantle. Note, however, that the influence of
grain size on seismic wave attenuation is probably not
very large for a plausible range of grain size in Earth’s
upper mantle. The grain size for most of the upper
mantle xenoliths is in the range of ~3-10mm
(e.g., MERCIER, 1980; KARATO, 1984), and using the
experimentally obtained grain-size sensitivity of atten-
uation, Q « LY with g~ 0.25, one expects a change in
0 of ~30%, which results in a change in velocity of only
0.3% (0.1%) for Q=100 (Q =300). For thermoelas-
ticity (see Chapter 11), grain-size sensitivity is stronger,

q~0.5(Q o (w71)*, a=0.25, 7 oc L?). But the absolute
value of attenuation due to thermoelasticity is small
(Q > 1000, Chapter 11) and the influence of grain size
on attenuation through this mechanism is not large.
I conclude that the grain-size effect is modest com-
pared to the effect of water (hydrogen) content and
temperature.

20.3.2. Topography on discontinuities and
its geodynamic significance

I have already discussed the lateral variation in seismic
wave velocity due to the lateral variation in mineral
phases. When the radial variation in mineral phases
occurs as a seismic discontinuity, this lateral variation
will appear as topography on the discontinuity.
Fig. 20.6 shows some of the examples of topography
on mantle discontinuities (for reviews on this
topic see Gu et al. (1998), SHEARER (2000) and
Romanowicz (2003)). If we know what controls the
depth of the discontinuity, then from the topography
of the discontinuity we can learn the lateral variation of
parameters that control the depth of the discontinuity.
Seismic discontinuities may be caused by: (1) phase
transformations, (2) changes in chemical composition
and/or (3) changes in microstructures (such as the
lattice-preferred orientation). Consequently, when
the parameters (physical or chemical) that control
the depth of discontinuities change laterally, then
there will be lateral variation in the depth of the dis-
continuity. Generally, one can write

0z 0z 0z
bz = (a—r)x,M‘s” 2 (ax,) i (m) M

(20.18a)

or

(OP[OT)y, py 6T + 3 (OP/OX:) 10 0Xi + (OP)OM) 1 . 6M
bz = d

rg
(20.18b)

where 6z is the topography on a boundary and
6T, 6X; and 6M are anomalies in temperature,
chemical composition and microstructure respectively.
(OP/OT)y pr» (OP/OXi) 1y, and (OP/OM) ;. are the
parameters that are determined by material properties
that can be investigated by laboratory studies (or by
theoretical models).

The nature of these parameters depends on the phys-
ical origin of the discontinuity. Let us consider two
examples. One is a discontinuity caused by a phase
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transformation. In this case, the effects of microstructure
are negligible. We need to consider only (9P/97)y,
and (OP/0X;)r - (OP/OT)y, ), is the Clapeyron slope
that is known for most phase transformations
(Table 2.3, Chapter 2). (OP/9T)y >0 for olivine to
wadsleyite transition (410 km) and (OP/0T) . ,, <0 for
the ringwoodite to perovskite + magnesiowiistite transi-
tion (660 km). Consequently, the topography on the 410-
and 660-km discontinuity would be anti-correlated if
the topography were caused by the lateral variation in
temperature.

The influence of the chemical composition on
the phase boundary, (P/0X;) ;. is well known only
for the variation in Fe/(Fe + Mg). For the olivine
to wadsleyite transformation (the 410-km discontin-
uity), (8P/6XF6)T"M<0, whereas for the ringwoodite
to perovskite + magnesiowiistite transformation, (9P/
0X¥e)ry = 0. In addition to Fe/(Fe + Mg), water

content may also modify the depth of discontinuity.
Briefly, the presence of water (hydrogen) increases the
stability fields of transition zone minerals relative to
upper and lower mantle minerals, and consequently,
the 410-km discontinuity will be shallower and the
660-km discontinuity will be deeper when a large
amount of water is present (Woob, 1995; HiGo et al.,
2001; CHEN et al., 2002a; SMmyTH and FrosT, 2002; see
also KARATO, 2006Db).

Another is the case of a discontinuity caused
by microstructural variations. They include the
Lehmann discontinuity at around 220 km (KARATO,
1992; GAHERTY and JorDAN, 1995) and the disconti-
nuity at the top of the D’ layer (at around 2700 km).
The regional variation in the depths of these bound-
aries may reflect the regional variation in microstruc-
tures such as the lattice-preferred orientation. The
nature of lattice-preferred orientation is sensitive to a
number of parameters including stress, temperature
and water content (Chapter 14), the details of which
remain to be determined (e.g., JUNG et al., 2006). The
above analysis shows that in order to infer 67, 6X; and
OM from the topography of discontinuity, one needs to
have more than one observation, a situation much the
same as the situation in inferring thermal and chemical
anomalies from tomographic images. Such studies
include Gu et al. (2003) and BLum and SHEN (2004),
but separating various effects is not straightforward.
An alternative way is to investigate the correlation of
topography of various discontinuities. For example, if
the topography of “410-” and “660-km” discontinuities
in a certain region is caused by thermal anomalies

associated with a vertical flow of materials, then
temperature anomalies near these boundaries are
likely to be similar (except for the effect due to

latent heat). Consequently, 6z*°/5z60=(dpP/dT)*"-
ST /((dP/dT)* 6 T) o (dP/dT)*"° / (dP/dT)*®. The
value of (dP/dT)"""/ (dP/dT)* is known from labor-
atory studies (the Clapeyron slope, see Chapter 2),
so that one can determine if the thermal origin of the
topography of the boundaries is consistent with obser-

vations or not. We know (dP/dT)*"° /(dP/dT)***<0
from mineral physics, so if the anomaly is thermal, then
62410 /626600<0. Any deviation from this would imply that
at least one of the assumptions is not met in this region.
As has been discussed above, several factors could
cause the topography on the discontinuity. Therefore
when the topography alone is investigated, its inter-
pretation is non-unique. A combination with other
observations could narrow the plausible causes for top-
ography. For example, BLum and SHEN (2004) com-
bined the observations of topography of the 410-km
discontinuity and velocity anomalies in the transition
zone to infer the water content in the transition zone.

20.3.3. Summary of inversion scheme

A key issue in inverting tomographic images in terms
of the physical and chemical state of the Earth’s inte-
rior is to identify the cause for lateral variation (in
velocities and in attenuation). If only one data value,
say the anomaly in Vg, is available for a given point
in the Earth, then the interpretation of anomalies in
terms of physical or chemical conditions is non-unique.
The same velocity anomaly could be due to an anomaly
in temperature or in chemical composition or due to
partial melting. For this reason it is critical to have
multiple data sets for a given region. These multiple
data sets must be for those quantities whose depend-
ence on thermal or chemical anomalies are distinctly
different. In this sense a joint inversion of velocity and
attenuation anomalies is very useful because the sensi-
tivity of velocity and attenuation to thermal and chem-
ical anomalies are quite distinct as summarized above.
Similarly, a joint inversion of Vpand Vg (or V,and V)
is useful because the sensitivity of these two velocities,
particularly ¥V, and Vs, to thermal and chemical
anomalies is different. In doing a joint inversion of
multiple data sets, one must make sure that the data
sets that one uses have a similar resolution. Technical
issues for obtaining joint Vp and Vs (or Vy and V)
tomographic images are discussed by MASTERS ef al.
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(2000). In many cases, the quality of data from which
anomalies of V'p and Vg are obtained is quite different
and consequently, there can be systematic difference
in errors for these anomalies. In addition, the wave-
lengths are different between the two waves for the
same frequency, which could also cause a systematic
difference in errors. Consequently, it is important to
check the consistency of the data when tomographic
images of two different velocities are compared. One
way is to see if the relation (20.06) is satisfied by the data
on Vp and Vs (or V, and Vs) (KaraTO and KARKI,
2001). Deviation from the relation (20.6) means that the
joint inversion contains some inconsistency. When
tomographic images are analyzed in regions where seis-
mic discontinuities occur (e.g., a transition zone), then
the topography on the discontinuities can also be used
to infer the origin of lateral heterogeneity.

Some issues in identifying the cause for heterogene-
ity have already been discussed using a ratio—ratio plot
(Fig. 20.10). Here I will summarize some additional
points using the velocity and attenuation tomography
together. For simplicity, let us first treat a case in which
the influence of partial melting and grain size is neglig-
ible. In this case, the influence of temperature, water
content and major element chemistry can be summar-
ized as follows.

(1) Ifthe major cause for lateral variation of properties
is the lateral variation in major element chemistry,
then attenuation will be nearly constant whereas
seismic wave velocities will have a large variation.

(2) If the major cause for lateral variation of properties
is the lateral variation in water content, then atten-
uation will have a large lateral variation, whereas
seismic wave velocities will have a relatively small
lateral variation.

(3) Ifthe major cause for lateral variation of properties
is the lateral variation in temperature, then both
seismic wave velocities and attenuation will have a
large lateral variation.

Consequently, a plot such as that shown in
Fig. 20.14 provides a guide for inferring the cause of
lateral variation. If the variation in seismic wave veloc-
ities is large but the variation in attenuation is small,
then we can infer that there is a large variation in major
element chemistry. If, in contrast, there is a large var-
iation in attenuation but a relatively small variation in
seismic wave velocities, the most likely cause of lateral
variation is the lateral variation in water content. More
quantitatively, equation (20.2) can be solved to deter-
mine the lateral variation of temperature, major
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FIGURE 20.14 A schematic diagram of the attenuation
anomaly—velocity anomaly relationship showing distinct trends
for temperature-control, major element chemistry-control
and water-control cases (after SHITo and SHIBUTANI, 2003b).

element composition and water content, if more than
three observations are available and a simplified
parameterization for the influence of major element
chemistry is used. SHiTO ef al. (2006) performed such
an inversion for a region where high-resolution veloc-
ity and attenuation tomography are available.

I note that although such an inversion is possible in
certain regions, the ability to determine thermal and
chemical anomalies is limited at this time. One of the
main reasons for this is the resolution of seismic
tomography. In order to separately determine these
parameters, one needs to have high-resolution tomo-
graphy of two seismic wave velocities (Vp and Vg (or
V,and Vg)) and attenuation from the same region with
a similar level of resolution. Another obvious limita-
tion is the incomplete knowledge of mineral physics
parameters, i.e., 4; Progress in these two areas is
critical to make this approach useful. In the next sec-
tion, I will review some of the results of such an inver-
sion to infer thermal and chemical anomalies in Earth’s
interior.

20.3.4. Origin and geodynamic significance of
lateral heterogeneity: Some examples

Upper mantle

A large lateral variation in seismic waves is observed in
the upper mantle. Key mineral physics parameters,
Ay, 1> are reasonably well constrained for the upper
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mantle. The application of these mineral physics results
to tomographic images of the oceanic upper mantle
yields plausible temperature and density anomalies if
the effects of anelasticity are included.

One of the most significant conclusions on the oce-
anic upper mantle is that the low-velocity anomalies
associated with mid-ocean ridges are shallow and
sometimes asymmetric (e.g., ZHANG and TANIMOTO,
1992, 1993). These observations provide strong sup-
port for the notion that upwelling at mid-ocean ridges
is in most cases passive: upwelling occurs because
of the separation of the overlying plates but not by
the buoyancy force of hot materials. In contrast, low
velocity regions associated with ocean islands such as
Hawaii and Island extends deeper to the transition
zone or deeper (e.g., MONTELLI et al., 2004). Using
the model presented here, amplitude of temperature
anomalies in plumes can be estimated. The results
yield ~200-300K for plumes in most cases that is
much less than the temperature anomalies expected
from a classic model of plume originating from the
bottom thermal boundary layer.

Continental roots are deep but the exact depth of
continents is somewhat controversial. Influence of
anisotropy has an important effect on the estimated
depth (e.g., ANDERSON, 1979; GUNG et al., 2003).
Velocity and density anomalies associated with conti-
nents cannot be solely attributed to thermal anomalies
(e.g., JorDAN, 1981; FORTE et al., 1994). Continental
upper mantle has different major element chemical
composition than that of oceanic upper mantle.
However, mapping the anomalies in chemical compo-
sitions is challenging because the seismic wave velo-
cities are less sensitive to major element chemistry than
temperature (e.g., MATSUKAGE et al., 2005; SCHUTT
and LESHER, 2006). The contrast between oceanic and
continental upper mantle is mostly in density but the
anomalies in seismic wave velocities are subtle.

In addition to the heterogeneity in major element
chemistry, evidence for heterogeneity in water (hydro-
gen) content has been suggested. Based on the combi-
nation of high-resolution velocity and attenuation
tomography, SHITO et al. (2006) and SHiTO and
SHIBUTANI (2003b) found that in addition to the high
lateral variation in major element chemistry in the
shallow upper mantle (< 150 km), there is a water-
rich region in the deep upper mantle (~ 300-400 km)
beneath the Philippine Sea (Fig. 20.15). Subduction
of an old and cold lithosphere in this region is likely
to have transported water deep into the upper mantle.
However, inverting the velocity and attenuation

anomalies is challenging both from seismological and
mineral physics points of view. One needs reliable high-
resolution velocity and attenuation tomography from
the same region, and also the water content depend-
ence of seismic wave velocities and attenuation must be
characterized in detail.

Transition zone

One of the most prominent features of tomographic
images on the transition zone is the presence of high-
velocity anomalies in the broad regions of the transi-
tion zone particularly in the western Pacific. This
implies that subducted slabs are deformed and stag-
nant in some of the transition zone (e.g., Fukao et al.,
1992, 2001; RomaNowicz, 2003; ZHao, 2004). The
transition zone or the 660-km discontinuity provides
a strong resistance to subduction, presumably due to
the negative Clapeyron slope at the 660-km disconti-
nuity or high viscosity of the lower mantle. Also note
that this means that subducted slabs are relatively soft
(KarATO et al., 2001). However, there is a distinct ring
of high-velocity anomalies in the bottom of the lower
mantle corresponding to surface trenches, suggesting
that stagnation of materials at the transition zone is
only a temporal feature and these cold materials ulti-
mately sink to the bottom of the mantle. This type of
hybrid convection was demonstrated by numerical
modeling incorporating the negative Clapeyron slope
corresponding to the phase transformation at the
660-km discontinuity (e.g., HonDA et al., 1993;
TACKLEY et al., 1993).

Observations on the topography on discontinuities
can be used to infer the presence of chemical heteroge-
neity. If the lateral variation in temperature is the cause
for lateral variation in topography, the topography on
the two discontinuities (“410-” and “660-km”) would be
anti-correlated because the Clapeyron slope has differ-
ent signs for the phase transformation corresponding to
these two discontinuities. In general, topography on the
410-km discontinuity is less pronounced than that on
the 660-km discontinuity and the correlation (or anti-
correlation) between the topography on the 410-km and
the 660-km discontinuity is poor (e.g., FLANAGAN and
SHEARER, 1998; Gu et al., 1998, 2003). These results
suggest the presence of chemical heterogeneity in the
transition zone, although the nature of chemical hetero-
geneity is not clearly understood.

An important subject about the transition zone is its
water content. The mineral physics studies clearly
show that the transition zone minerals can dissolve
up to ~3 wt% of water (see Chapter 17). If indeed
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FIGURE 20.15 Inversion of velocity and attenuation tomography in terms of temperature (T), major element composition (C; Mg#) and
water content (W) anomalies in the upper mantle beneath the Philippine Sea (SHiTo et al., 2006). High-resolution tomography is available both
for seismic wave velocities and attenuation from this region. A region of unusually high water content is identified in the deep upper mantle

where attenuation is high but velocities are not so low. Plate 12.

the water content is this much, it will have an impor-
tant influence on the dynamics and chemical evolution
of Earth. There have been some attempts at inferring
water content of the transition zone based on seismo-
logical observations (e.g., VAN DER MEUDE et al.,
2003; BLum and SHEN, 2004; SUETSUGU et al., 20006).
VAN DER MEUDE et al. (2003) used the sharpness of the
410-km discontinuity to infer the water content, and
Brum and SHEN (2004) and SUETSUGU et al. (2006)
used the topography of the 410-km discontinuity and
the velocity anomalies in the transition zone to infer the
water content. Again, inferring the water content
remains a challenging subject.

Lower mantle

The most prominent feature of the lower mantle is the
high-velocity ring corresponding roughly to the surface
trenches, and the presence of two broad regions of low
velocities (beneath south Pacific and Africa). Also the

continuation of high-velocity anomalies associated
with subducting slabs can be seen down to the deep
lower mantle at least in the eastern Pacific and beneath
Tibet to western Asia (e.g., GRAND, 1994; VAN DER
HiLsT et al., 1997). These observations, together with
the observations on the transition zone, suggest that
mantle convection is, at least at present and in the recent
past, whole mantle wide although evidence of significant
resistance for convection currents is clear in the transi-
tion zone. The two broad low-velocity regions corre-
spond to the broad swell in the Pacific (e.g., McNUTT,
1998) as well as in Africa (LiITHGOW-BERTELLONI and
SILVER, 1998). The location of these broad low-velocity
regions corresponds roughly to the location of surface
hotspots (e.g., WoopHoUSE and Dziewonski, 1989;
GARNERO, 2000). Consequently, it is considered that
these low velocity regions represent upwelling.
However, these low velocities are not all due to high
temperatures. The anti-correlation of the S-wave
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velocity anomaly and the bulk-sound velocity anomaly
(Rs)$<0), and the very large values of Rgp indicate
that anomalies in this region cannot be due solely
to thermal anomalies (KARATO and KARrk1, 2001). A
sharp boundary extending from the core-mantle boun-
dary (CMB) to ~ 500 km above the CMB suggests that
chemical heterogeneity is likely to be present in the
deep lower mantle (WEN, 2001). However, the extent
to which chemical heterogeneity is present in the lower
mantle is not clear. KELLOGG et al. (1999) proposed,
based largely on the interpretation of tomographic
images of vAN DER HiLsT and KArAson (1999), that
the bottom ~ 1000 km of the lower mantle is chemi-
cally distinct from the regions above. I should empha-
size that the physical basis for such an argument is
weak. Because |4y, decreases significantly with

S.6)T
depth while |4 V],(SW,_\ does not, chemical effect
becomes more visible than thermal effect with depth
(Problem 20.2). Consequently, the observations sug-
gesting a more important role for chemical effect with
depth do not necessarily mean that the degree of chem-
ical heterogeneity increases with depth. KArRATO and
KARkr1 (2001) discussed that chemical anomalies are
required to explain available seismological data only in

the bottom ~ 500 km (or less). FORTE and Mi1TROVICA
(2001) attempted to map the chemical heterogeneity in
the deep lower mantle. Presence of partial melting was
proposed by WiLLiamMs and GARNERO (1996).

The recent discovery of the post-perovskite phase of
(Mg, Fe)SiO3 has introduced another complexity in
interpreting seismological data on the bottom of the
mantle (e.g., MURAKAMI et al., 2004; OcaNov and
ONo, 2004; TsucHiYA et al., 2004a). OcaNnov and
Ono (2004) argued that most of the seismological
observations such as the large Rg/p and negative Ry/s
can be attributed to the phase transformation from
perovskite to post-perovskite. However, the currently
available data on seismic wave velocities such as Rg/p
and Ry/s are not enough to distinguish thermally-
induced phase transformation from the influence of
this phase transformation. The sharpness of velocity
contrast (e.g., WEN, 2001) and/or some data on density
distribution (e.g., IsHi1 and TrRomp, 1999; GARNERO
and JEaNLOZ, 2000; TRAMPERT et al., 2004) suggest
the presence of chemical heterogeneity in the D" layer.
Detecting density anomalies from geophysical obser-
vations remains challenging, however (e.g., MASTERS
and GuUBBINS, 2003).



21 Seismic anisotropy and its geodynamic

implications

Earth materials are anisotropic to some extent and the nature of anisotropic structures can be

inferred from a range of seismological observations. Anisotropic structures carry valuable
information as to the anisotropic fields that reflect the dynamic processes in Earth’s interior
including the geometry of flow. Therefore seismic anisotropy provides an important insight into the
dynamics of Earth’s interior. However, both observations and the interpretation of seismic
anisotropy are not straightforward. Following the description of some of the fundamentals of
seismic wave propagation in an anisotropic material, I will review the basic seismological
observations on anisotropy. This is followed by a brief summary of the essence of the processes that
may cause anisotropic structure formation. They include lattice-preferred orientation of anisotropic
crystals and shape-preferred orientation of (isotropic or anisotropic) materials with distinct elastic
moduli (or other types of layered structure). In most cases, seismic anisotropy is caused by lattice-
preferred orientation of elastically anisotropic minerals. The relation between seismic anisotropy
and deformation in such a case is mineral specific, and also depends on the physical and chemical
conditions that change the elastic and plastic anisotropy of minerals. Following detailed discussions
on the mechanisms of lattice-preferred orientation and other microscopic processes of anisotropic
structure formation, some geodynamic implications of seismic anisotropy are discussed in the final

section.

Key words azimuthal anisotropy, polarization anisotropy, shear wave splitting, Christoffel

equation, lattice-preferred orientation, shape-preferred orientation.

21.1. Introduction

In the previous chapter, we learned how to investigate
the dynamics of Earth’s interior through the study of
small deviations of real Earth structure from an ideal
model assuming that Earth materials are isotropic.
However, most rocks in Earth’s interior show some
degree of anisotropy and the magnitude of velocity
variation with direction is in many cases comparable
to that of heterogeneity. Therefore the results of seis-
mic tomography summarized in the previous chapter
are valid only when they represent anomalies of velo-
cities averaged over the directions.

However, by taking the average over the directions,
one will lose some important information on Earth’s
structure. In this chapter, we will focus on the direc-
tional dependence of seismic wave velocities, i.e., seis-
mic anisotropy. The anisotropic structure of a rock
reflects the anisotropic field in which the rock was
formed or deformed. Anisotropic field includes stress
or strain field as well as a temperature gradient or
a magnetic field, all of which have an important
influence on the way in which Earth works. Therefore
studies of anisotropic structure can provide valuable
information for understanding the dynamics of Earth’s
interior.

391
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Although its potential importance is obvious,
there are two important complications in investigating
the dynamics of Earth’s interior from seismic aniso-
tropy. First, the measurement of anisotropy from seis-
mology is not straightforward. In most cases, complete
characterization of anisotropic structure is impossible
and consequently, some simplifying schemes are
used in the seismological measurements of anisotropy.
Furthermore, depending on the technique used, the
spatial resolution for the determination of anisotropic
structure can be quite different. In order to interpret
seismological observations on anisotropic structures,
it is important to understand the merits and limita-
tions of each technique. Second, geodynamic inter-
pretation of anisotropy requires the
understanding of processes of anisotropic structure
formation. There has been major progress in both
the experimental and the theoretical sides of this
issue, but there remain some major issues particularly

seismic

concerning the physical processes of anisotropic
structure development for materials in Earth’s deep
interior.

In this chapter I will first provide a brief summary
of the essence of seismic wave propagation in an ani-
sotropic material (section 21.2). Key concepts such
as azimuthal and polarization anisotropy will be
defined in section 21.3 and the nature of seismological
observations on anisotropy is reviewed. Then some
important observations are summarized in section 21.4
including anisotropy in the crust, the upper mantle, the
transition zone, the lower mantle and the inner core. In
section 21.5, some key mineral physics models are
summarized that provide the bases for the geodynamic
interpretation of seismic anisotropy. A brief summary
of the processes of lattice-preferred orientation and
the formation of a layer structure will be presented.
Finally, in section 21.6, some geodynamic interpreta-
tions of seismic anisotropy are discussed.

21.2. Some fundamentals of elastic wave
propagation in anisotropic media

Wave propagation in an anisotropic media is compli-
cated. Recall that in the most general case, there are 21
independent elastic constants (Chapter 4) and conse-
quently, in order to fully characterize anisotropic
structures, one would need an impractically large num-
ber of data. Consequently, in almost all seismological
studies on anisotropy, only some aspects of anisotropy
are studied. In interpreting these results, it is important
to understand the nature of the approximations

or assumptions behind these studies. This section pro-
vides a brief summary of the fundamentals of seismic
wave propagation in anisotropic media to help the
geodynamical interpretation of seismological data. A
more detailed account of elastic wave propagation in
an anisotropic material is given in SMiTH and DAHLEN
(1973), CRaMPIN (1981) and MONTAGNER and NATAF
(1986).

When the body-force such as gravity can be ignored
(this is the case for short wavelength waves), the equa-
tion of motion of an anisotropic elastic material is
given by (e.g., LANDAU and LiFsHITZ, 1959),

Pu
PS5 =2.C

Jikl

Puy
ik
P 0x;0x

(21.1)

where p is density, u; is displacement, ¢ is time, x is the
spatial coordinate and Cy; is the elastic constant
tensor.

Let us consider a plane wave,

U; = a; exp [iw (Z - Z lIkxk>:|
k

where «a; is the polarization vector that defines the
direction of displacement, ¢ is the slowness vector.
Substituting equation (21.2) into (21.1), one has,

(21.2)

pa; = Ciidiqia- (21.3)
ikl
Now let us define
1
4 =3 (21.4)

where ¥ is the (phase) velocity' of seismic wave, and
n is the unit vector parallel to the direction of propa-
gation of waves. Then

Z (T — pV?8i)ar =0 (21.5)
k
where
(21.6)

Ty = Z Cijnjny.
il

! The velocity defined here is called “phase velocity” because it is a velocity
with which the phase of a plane wave, — (1 — Y, qxxx), propagates.
There is another definition of velocity of elastic waves, called “group
velocity” that is the velocity at which the energy propagates with a wave.
The distinction between them is important when a seismic wave contains

various frequency components.
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Problem 21.1

Derive equation (21.5).

Solution

Inserting (21.4) into (21.3), one has pl?gq =
> Ciugiqiax.  Therefore

J

Jik,
Z (Z Cl»,-klnjn/ — pV2 6ik) aji = Z (T,*k — sz 61»;()541( =0.

k gl k

V2
Ci,k,n,-nlak —prV a;=
kel

Equation (21.5) is called the Christoffel equation. Ty,
is a 3 x 3 symmetric matrix and therefore, for a given
propagation direction 7;, (21.5) has three solutions. For
an isotropic material, it can be shown from (21.6) that T}
has a form (we choose i = 1 as a direction of propagation)
(note that K = (Cyy +2Cp)/3and pu = Cyy = (C1 — C12)/2),”

K+3u 0 0
T= 0 uw 0 (21.7)
0 0 u

Problem 21.2

Derive equation (21.7).
Solution

By definition n=(1,0,0)‘ So T = Z C]j]/i’ljl’l/ = C]]]]
7
=C, Tn =) Cypming = Cr1z1 = Cay = T33 and all

other T,;,:O.N Now for an isotropic material,
K= (Cn+2Cp)/3 and p= Cyy = (C11 — C12)/2, s0

K+3u 0 0
Cy = K+ 4, hence T = 0 w 0
0 0 u

For an isotropic material, the Christoffel equation
becomes

(K+43p) — p1? 0 0 a
0 w—pV? 0 |a| =0. (21.8)
0 0 w—pV? a3

2 For the relationship between the Voigt notation of elastic constants, Cij,
and the full tensor notation of elastic constants, Cy, see Chapter 4.
Typical values of elastic constants are given in Table 21.1 (for olivine).

This equation has three eigenvalues (pV? = K + %,u,
and two degenerated solutions p¥? = 1) and corre-
sponding eigenvectors, a=(100), (010) and (001).
Thus the first solution corresponds to the P-wave
for which the polarization direction is parallel to the
direction of propagation, whereas the other two solu-
tions correspond to S-waves for which the polarization
directions are perpendicular to the propagation direc-
tion (transverse waves). Such a clear distinction
between P- and S-waves is no longer present in a
general anisotropic material. However, in a weakly
anisotropic material, such a relation holds approxi-
mately and terms quasi-P (¢P) wave and quasi-S (¢S)
waves are sometimes used to refer to these waves. Note
that the directions of polarization of transverse waves
are controlled by the symmetry of the anisotropic
structure of the material (this is how an optical polar-
izer works). In the above case, two orthogonal direc-
tions of polarization are (010) and (001) directions.

From the above analysis, one should note that there
are two different ways of observing anisotropy in an
elastic medium. First is the variation of elastic wave
velocity with the orientation of wave propagation. This
is often referred to as azimuthal anisotropy. Second is the
difference in two shear wave velocities (of the same prop-
agation direction) with different polarization directions.
This is referred to as polarization anisotropy. Obviously,
polarization anisotropy occurs only for shear waves, and
the nature of polarization anisotropy, in general, changes
with the direction of wave propagation. These two con-
cepts are schematically shown in Fig. 21.1.

X3

FIGURE 21.1 A schematic diagram showing the wave propagation
in an anisotropic medium. Velocity can be dependent on the direction
of wave propagation (azimuthal anisotropy). For shear waves
(transverse wave), velocities of two waves with different polarization
can be different (polarization anisotropy).
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FIGURE 21.2 (a) Three elastic wave velocities as a function of the
propagation direction in typical mantle minerals, (b) directions
(shown by bars) of polarization of the faster S-wave as a function of
the direction of the wave propagation. Both results are under ambient
conditions (note that anisotropy can change with pressure, see

Fig. 21.14). In (a), Vsn indicates the phase velocity of shear waves
whose polarization direction is on the plane of wave propagation and
Vsy is the phase velocity of shear waves whose polarization direction
is normal to the plane of wave propagation. For pyrope these two
velocities are nearly identical.
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Velocity anisotropy can be illustrated by several
diagrams. Because seismic wave velocities are the func-
tion of direction of propagation and (in the case of
shear waves) also the function of polarization, one
can represent the values of three velocities as a function
of direction of propagation using the coordinate fixed
to a crystal. Figure 21.2a is an example in which two-
dimensional cross sections of such velocity surfaces are
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(iii) perovskite
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FIGURE 21.2 (cont)

shown for three different waves as a function of direc-
tion of propagation. For a given direction of wave
propagation, there are three velocities. Polarization of
each wave can be determined by solving the Christoftel
equation (21.5). For a certain symmetry orientation,
two shear wave velocities are the same. For example, in
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a cubic system (spinel or MgQO), the two shear waves
propagating along the (100) and (111) orientations
have the same velocity. Waves propagating along
such directions will show no shear wave splitting.
This type of diagram does not show the direction of
the polarization of the faster S-waves. Figure 21.2b is
another type of diagram in which the orientations of
the polarization of the faster S-waves are plotted (using
a stereographic projection) as a function of the direct-
ion of wave propagation.

The nature of azimuthal anisotropy can be
shown from the extension of the above discussions. In
the following we shall make an assumption of weak
anisotropy. In this case we shall investigate a small
deviation from isotropic case, so that the directions of
quasi-P and quasi-S waves’ polarization are the same as
those in an isotropic material. We define the coordinate
system as follows: x; is the direction of propagation
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(b) olivine

X3

// X2

X1

FIGURE 21.3 Rotation of the coordinate system.

of waves, x3 is the vertical plane normal and x; is
the direction normal to both x; and x3. Azimuthal
anisotropy can be investigated either by changing the
orientation of n; in the x3 =0 plane or by rotating the
elastic constant matrix but fixing the propagation
direction of waves.

Let us use the second approach (which is equivalent
to the first approach). In this case, the nature of azimu-
thal anisotropy is determined by the nature of change
in elastic constant matrix, Cy, upon rotation. The
change in matrix due to rotation across an axis can be
determined by the operation of a 3 x 3 matrix, a;;, (see
Fig. 21.3)

cosf sinf O
aj= | —sinf cosf 0 (21.9)
0 0 1

The elastic constant matrix is transformed into a new
form by this rotation,

[010] |-

FIGURE 21.2 (cont)

3
!
ijkl = E AjrAjsAicr Ay Crs/u .

rs,tu=1

(21.10)

The seismic wave velocities have azimuthal depend-
ence only up to 46 terms (cos 46, sin 46). This is not a
result of truncation but the exact result. The reason
for this is the fact that the azimuthal anisotropy
comes from the rotation of Cj;; matrix (a fourth
rank tensor), so that the rotation involves
multiplying four matrices containing sin # and cos 6
(see (21.10)).
The matrix Ty in this case is given by,

Cn Cis Cis
Tie=|Cis Ces Cso (21.11)
Cis Csg Css

If the x3=0 plane is a symmetry plane, then all the
elastic constants which contain an odd number of suf-
fices equal to 3 will vanish so that C5 (= Cyy13) = Csg
(= C1312) =0, then,

Ci Cis O
Ti=|Cis Cos O (21.12)
0 0 Css

with C1,Cg6,Css5 > Cig. Solving the Christoffel equa-
tion one obtains,

C2
V2 :C _ 16
Pre "0 = Cas
Cc? 21.13
Vs = Ces te oo K’C (2L.13)
11 — 66
pVsy = Css.

Here Vsy is the velocity of quasi-shear wave with the
polarization direction in the x, direction (i.e., the hor-
izontal polarization), and Vgy is the velocity of quasi-
shear waves with the polarization direction in the x;
(the vertical polarization) (for the definition of SH and
SV waves see Box 21.1).
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Box 21.1 Seismological nomenclatures

Seismology is a science that is more than a century
old, and consequently some technical jargon has
been introduced in seismology. In order to read
and understand the seismological literature,
an understanding of the basic terminology is
necessary. For an introduction to seismology,
LAy and WaALLACE (1995) is a good start, and
for a higher level presentation, see DAHLEN and
Trowmp (1998) and Ak1 and RicHARDs (2002).

The displacement of materials associated with
elastic waves is called polarization. The polarization
vector for the P-wave is always parallel to the pro-
pagation direction. For S-waves, the polarization
vectors are on a plane that is perpendicular to the
propagation direction (for simplicity, we consider
only weak anisotropy). A combination of the polar-
ization direction and the direction of wave propaga-
tion defines the plane on which material displacement
occurs. Seismologists often classify S-waves into SH
and SV waves based on the orientation of these
planes. As discussed in the text, the directions of
polarization of S-waves are controlled by the sym-
metry of anisotropy. When one of the symmetry axes
of the elastic constants lies on the horizontal plane,
then one of the polarization directions of the S-waves
will be in the horizontal plane. When one considers a
wave that propagates nearly horizontally (i.e., sur-
face waves), then the other direction of polarization
will be the vertical direction. In these cases, one can
classify S-waves into SH (S-waves in which material
motion is in the horizontal plane) and SV waves
(material motion in the vertical plane). Similarly,
PH (PV) wave is a P-wave in which material motion
(and propagation direction) is horizontal (vertical).
Other technical terms include:

Love wave a type of surface wave in which
displacement is in the horizontal plane;
a type of surface wave in which
displacement is mostly in the vertical
plane (both A. E. H. Love (1863—1940)
and Lord Rayleigh (J. W. Strutt;
1842-1919) were physicists who did their
major work in late nineteenth century);
an S- (P-) wave directly coming from a

Rayleigh
wave

S (P)
source to a receiver;

a body wave that originates as an S-
wave and is reflected at the core—mantle
boundary and comes back as an S-wave;

ScS

SKS a body wave that originates as an
S-wave and is converted to a P-wave in
the outer core and converted back to the
mantle as an S-wave. An advantage of
using this wave is that any information
on the polarization in the initial S-wave
phase is eliminated as the wave goes
into the liquid outer core, so any infor-
mation on anisotropy must be from the
place after the last P- to S-wave con-
version. This helps to locate the region
of anisotropy below the receiver.

Problem 21.3

Derive equation (21.13).

Solution

Inserting equation (21.12) into equation (21.5), one

. C 11— sz C 16 0 ap 0
obtains, Cis Ces — pV? 0 Na|=|0].
0 0 Css — pV? as 0
For this equation to have non-trivial solution, one needs

Ci —plV? Cie 0
Cis Cos — pV? 0
0 0 C55—/)V2

(Css = pV?){(Cn = p¥?)(Ces — pV?) = Ci} = 0, and
the solutions (the eigen-values) are: pV% = Css,
pVﬁ ~Cn— C%()/(Cll — Ces) and PVg ~ Ces+
C%/(Ci1 — Cg) where 1 used an approximation
Ci6 < C11,Cg. The corresponding eigenvectors can
be calculated from (21.5) to obtain the relation (21.13).

to have = 0. Therefore

Now in order to investigate the azimuthal aniso-
tropy, we will rotate the crystal around the x; axis.
Using equations (21.9) and (21.10), one gets a new elastic
constant matrix. Then using this new elastic constant
matrix, one calculates T} and solves equation (21.5) to
obtain velocities and the polarizations of three elastic
waves. In the case where x; =0 is a symmetry plane, the
velocities of seismic waves propagating on the x3=0
plane are given by (CRAMPIN, 1981),

pV% = A+ B.cos20 + B,sin20 + C, cos 40

+ C,sin4d (21.14a)

pViy = D + E.cos40 + E,sin 40 (21.14b)
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pViy = F+ Gecos20 + Gysin 20 (21.14c)
with
4= 3(Ciy + C22) +2(Crz + 2C¢s)
8
(Ci1 — Cn)
g =G =)
2
By = Ci6 + Cx
C - Cii+ Cy — 2(C|2 + 2C66)
‘ 8
Cig — C:
C, = %
D= Cll + C22 - 2(C12 — 2C66) (2]15)
8
E.=-C,
E, = —C;
F= C44 + C55
2
_Css —Cu
‘ 2

Gy = Cys

where the elastic constants are defined with respect
to a coordinate system in which x5 is the vertical
axis, and the seismic wave propagates in the horizontal
plane and the angle 6 is measured from the x; axis.

If in addition, the x, = 0 plane is the symmetry plane
then out of Cyy,, those containing an odd number of
suffices equal to 2 vanish (e.g., Cis (=C1112)=Ca6
(= C312) =0). Then equation (21.14) is reduced to

pV3 = A+ B.cos20 + C.cos 40 (21.16a)
pVay = D + E, cos 40 (21.16b)
pVay = F+ G.cos 20. (21.16¢)

Note that in both cases an SH-wave has only 46
terms but an SV-wave has only 26 terms.

Problem 21.4*

Explain why an SH-wave has the four-fold symmetry
(only 40 terms) whereas an SV-wave has the two-fold
symmetry (only 26 terms) in the plane of wave
propagation if the plane is a symmetry plane.

Solution

Without the loss of generality, we can choose a
coordinate system in which xj3 is the vertical axis, and

the seismic wave propagates in the horizontal plane
normal to x3 (the angle # is measured from the x;
axis). Then remembering that the particle motion
occurs on the x;—x, plane for an SH-wave, we note
that the velocity of an SH-wave is determined to the
first order by an elastic constant corresponding to the
shear strain €, associated with the shear stress o, i.€.,
C1o15 (= Cgg). If one rotates the coordinate (around the
X3 axis) by m/4, then by exchanging x; < x, one finds
C]z]z(: C66) — Cyo1 (: Cﬁﬁ). Therefore the velocity of
an SH-wave is invariant for the rotation of /4 so that it
has four-fold symmetry. The velocity of an SV-wave
propagating along the x; axis is controlled by the shear
strain of ;3 associated with the shear stress o3, i.e.,
Ci313 (=Css). Upon exchanging x; < xp, it will
change to Ca3y3(= Cyy # Css). Consequently, it has the
two-fold symmetry but not the four-fold symmetry
(obviously by exchanging x; < —Xx;, the elastic
constant does not change).

21.3. Seismological methods for detecting
anisotropic structures
21.3.1. Azimuthal anisotropy

The case for azimuthal anisotropy is straightforward
from the above analysis. The azimuthal anisotropy of
P-waves propagating in the horizontal plane can be
analyzed using equation (21.14a) (or (21.16a)). In
many cases, the cos 26 term dominates and

AVp B. 4 Ci—Cx»
Vp A 3 (Ci+ Cun)+2(Ci+2Cs)

(cos26 term).

(21.17)

The azimuthal anisotropy was first proposed by HEss
(1964) and found in the uppermost mantle by RartT
et al. (1969) in the eastern Pacific by an explosion
seismological experiment (they only determined P-
wave anisotropy, i.e., 4 and B.). Similar azimuthal
anisotropy was also found in some portions of conti-
nents (BAMFORD, 1977) and in the inner core (SONG,
1997; Tromp, 2001).

Azimuthal anisotropy can also be observed for
shear waves. For an SH-wave,
AVSH o E, o

Vsu D

(Cll + C22) - 2(C12 + 2C66)
(Ci1 + C22) — 2(Cr2 — 2Ce6)

(cos 40 term)

(21.18)

and for an SV-wave,
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AVsy  Css —Cy
Vsv  Css+ Cy

(cos 26 term). (21.19)
Note that the anisotropy of a Rayleigh wave is
controlled by that of P- and SV-waves, so that the
cos 26 term usually dominates. Azimuthal anisotropy
of surface waves has been studied by ForsyTn (1975),
TanimMoTo and ANDERSON (1984, 1985), MONTAGNER
and TaNimoTo (1990, 1991) and MONTAGNER (2002).
Most of these studies are on the upper mantle because
surface waves are sensitive to the structures of shallow
portions. However, by using the overtones (higher
modes), one can infer anisotropy in the deeper portions.
TrAMPERT and vAN HEST (2002) reported azimuthal
anisotropy of the mantle transition zone using the over-
tones of surface waves (signals contained in the over-
tones are weak and the robustness of the results of this
paper is not yet well established).

Azimuthal anisotropy is determined by measuring
the wave velocities in a place in Earth as a function
of the direction of wave propagation. To do this one
needs a large number of source—station combinations.
One of the important limitations of this method is
that different waves passing through a place with
different directions must pass different regions out-
side the study region. Consequently, the influence of
lateral heterogeneity needs to be corrected (Fig. 21.4).
This is not trivial because the amplitude of lateral
heterogeneity is similar to that of anisotropy in most
cases.

FIGURE 21.4 A schematic diagram showing a way in which
azimuthal anisotropy is measured. §; indicates the source and R;
denotes the receiver. Note that waves used to determine azimuthal
anisotropy in a study region must pass through different regions
between a source and a receiver.

Problem 21.5

Derive equation (21.19).

Solution

Following (21.14c), we obtain p(V5 — V%) = 2¢7,
where Vs, Vs, are the fast and slow velocities of SV
waves. Therefore

Vél — ng _ C55 — C44 - AVS
V3, + V%, Css+Cy Vs

21.3.2. Polarization anisotropy

The difficulty of correcting the influence of lateral
heterogeneity can be eliminated if one focuses on the
difference in seismic wave velocities between two shear
waves with different polarizations. In this case, the
polarization anisotropy can be determined from one
seismic record and consequently there is no influence
of lateral heterogeneity. In practice, this polarization
anisotropy is analyzed in two different ways. First,
when a seismic wave propagates through an aniso-
tropic medium, then two shear waves with different
polarization vectors will have different velocities and
therefore they arrive at different times. This phenom-
enon is called shear wave splitting. By looking at seismic
records one can determine the travel time difference of
two shear waves, and if one has records of shear waves
with two different directions of displacement, then one
can also determine the directions of polarization
(Fig. 21.5). In the case where one looks at a vertically
traveling wave (e.g., SKS wave), then one can use the
analysis from (21.11) through (21.13) to find the velo-
cities and the polarization vectors of two shear waves.
The directions of the two polarization vectors are con-
trolled by the symmetry of the elastic constants, and
the magnitude of splitting is given by

AVs Css— Cy

~ 4 21.20
Vs Css+ Cy ( )

where 1 use the coordinate system such that xj3 is
the vertical axis. Note that this result is identical to
(21.19) because we are looking at the same type of
waves (SV-waves). The relation between the body-
and the surface-wave anisotropy was investigated by
MONTAGNER et al. (2000).
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Shear wave splitting is a powerful tool to investigate
anisotropic structure. One advantage of this method is
that because anisotropic structure can be inferred from a
single record, the result is free from the influence of lateral
heterogeneity. However, a major limitation is that it is
hard to identify where shear wave splitting occurs. For
example, when one uses an SKS wave (shear wave that
goes to the outer core and comes back from the core—
mantle boundary, see Box 21.1), any place from the
core—mantle boundary to the station can cause shear
wave splitting. There is some progress to determine
three-dimensional anisotropic structures from shear
wave splitting measurements. When one uses a wave
converted from P- to S- at a discontinuity, then shear
wave splitting must occur in the materials above the dis-
continuity (e.g., PARK and Levin, 2002). Also using the
back-azimuth and/or frequency dependence of splitting
one can obtain some constraints on the depth variation of
anisotropy (e.g., CHEVROT, 2000; SALTZER et al., 2000;
CHEVROT and VAN DER HiLsT, 2003), but the uncertain-
ties in locating the anisotropic structures are still large.

Second, and another commonly used approach, is
to analyze seismological data assuming transverse iso-
tropy and determine the ratio of Vsy/Vsy. Transverse
isotropy is a particular type of anisotropic structure in
which the elastic properties do not depend on the ori-
entation in the horizontal plane, but they are different
between properties in the horizontal and vertical direc-
tions. One example is a horizontally layered structure.
In such a case, the P-wave has anisotropy with respect
to the direction of propagation (PH, PV), and the
horizontally propagating S-wave has anisotropy with
respect to the direction of polarization (SH, SV). Since
polarization anisotropy is better constrained, the ratio
of velocities of SH and SV waves, Vsy/Vsy, is inves-
tigated in most of the literature. The amplitude of
SH-SV anisotropy can be calculated from the previ-
ously given relation, (21.14), as

FIGURE 21.5 A schematic
diagram showing how shear wave
splitting occurs.

(@)2_ D_CutCn=2C=2Cx) 5

Vsv) F 4(Cy4 + Css)

where as before the elastic constants are defined using
a coordinate system in which xj is the vertical axis.

In contrast to the azimuthal anisotropy, the meas-
urements of the polarization anisotropy of S-waves
can be made with less problems of heterogeneity. In a
measurement of polarization anisotropy, one investi-
gates a seismogram at a single station and determines
the difference in velocities of two shear waves that have
different polarizations. One may compare the phase
velocities of Love and Rayleigh waves that depend on
SH- and SV-wave velocities respectively. Indeed, this
SH-SV polarization anisotropy was recognized in the
early 1960s in one of the first reports on the evidence of
seismic anisotropy (Ak1 and KamiNnuma, 1963). By
using the fact that surface waves with different fre-
quencies sample different ranges of depth, one can
determine the depth variation of anisotropic struc-
tures. Such studies include ForsyTH (1975), NATAF
et al. (1986), MonNTAGNER and TanimmoTo (1990,
1991) and BEGHEIN and TRAMPERT (2003a).

Similarly, the analysis of free oscillation provides
information as to the anisotropic structure of Earth.
The principle is similar to the surface waves, because
both surface waves and free oscillation belong to the
same class of elastic vibration in which the displace-
ment of materials is constrained by the boundary con-
ditions. Anisotropic structures can be determined by
investigating the splitting of peaks of free oscillation.
Free oscillation of Earth has many peaks correspond-
ing to various “modes.” If Earth were a perfectly
homogeneous sphere, then these peaks would be sharp
and well defined. Anisotropy (as well as rotation and
heterogeneity) will cause the splitting of these peaks.
Consequently, by investigating the nature of splitting
of free oscillation peaks with various frequencies, one
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can investigate the depth variation of anisotropic struc-
tures (e.g., WOODHOUSE et al., 1986; MONTAGNER and
KENNETT, 19906).

21.4. Major seismological observations

Important seismological observations on anisotropy
can be summarized as follows.

(i) Significant anisotropy is observed in the crust,
particularly in the areas with intense deforma-
tion (e.g., CRAMPIN, 1984).

(ii) Significant azimuthal anisotropy of P-waves

(Fig. 21.6, RAITT et al., 1969; SHIMAMURA et al.,

1983) and Rayleigh waves (Fig. 21.7, TANIMOTO

and ANDERSON, 1984, 1985; MONTAGNER and

TanNiMoTO, 1990, 1991; DEBAYLE et al., 2005) is
observed in the shallow oceanic upper mantle
and in some of the continental upper mantle

(BamMFORD, 1977; FucHs, 1983; SAVAGE, 1999).

In most of the shallow upper mantle Vs > Vsy

(Ak1 and KAMINUMA, 1963; NATAF et al., 1984,

1986; GAHERTY and JORDAN, 1995; BEGHEIN

and TrRAMPERT, 2003a). However, in the old

oceanic upper mantle and also beneath mid-

ocean ridges Vsy > Vsg (NATAF et al., 1986;

MoNTAGNER and GuiLLoT, 2000, 2002).

Seismic anisotropy beneath hotspots is somewhat

different. In the upper mantle beneath Hawaii,

Vsu > Vsy anisotropy is stronger than other
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FIGURE 21.6 Azimuthal anisotropy in the uppermost mantle in the
Pacific (after RAITT et al., 1969). The measured P-wave velocities
are plotted as a function of the azimuth.

— 2 per cent

FIGURE 21.7 Azimuthal anisotropy of Rayleigh waves of 200s
period. Bars indicate the propagation direction of fast Rayleigh waves.
The results represent the anisotropic structure of the asthenosphere,
~100-200 km depth (after TANIMOTO and ANDERSON, |984).

regions (MONTAGNER and Guirrot, 2000)
(Fig. 21.8). GAHERTY (2001) reported that beneath
Iceland, Vsy > Vsy is observed in the deep upper
mantle (> 100 km) whereas Vgy > Vs anisotropy
is observed in the shallow upper mantle
(< 100 km). The modifications to the azimuthal
anisotropy (shear wave splitting pattern) are
found around hotspots (e.g., WALKER et al., 2001).
In most regions, strong shear wave splitting, up
to ~2s (typically ~1s) is observed. Usually
such a splitting result shows good correlation

V)

with surface geology and is interpreted to be
due to the anisotropic structure in the shallow
upper mantle. The polarization of the fast
shear wave is nearly parallel to the direction of
geological structure (e.g., Fig. 21.9, SILVER,
1996; see also SAvAGE, 1999). Similarly, the
direction of polarization of the faster S-wave
in a convergent boundary is nearly parallel to
the strike of a trench near the trench whereas it
becomes orthogonal to the trench away from
the trench (e.g., SMITH et al., 2001; NAKAJIMA
and HasegAawa, 2004; LoNG and VAN DER
HiisT, 2005; Fig. 21.10).

The amplitude of anisotropy in the upper mantle
decreases with depth (MoNTAGNER and
TanimoToO, 1990, 1991) (there are some excep-
tions, see DEBAYLE et al., 2005).

However, there are some hints as to the presence of
anisotropy in the transition zone around 400-800
km depth (MONTAGNER and KENNETT, 1996;
VINNIK and MONTAGNER, 1996; WOOKEY
et al., 2002; BEGHEIN and TRAMPERT, 2003a).
TrAMPERT and vaN HEewst (2002) reported
azimuthal anisotropy in the transition zone using
the higher mode data of surface waves (Fig. 21.11).

(vi)

(vii)
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FIGURE 21.8 The Vsu/Vsy polarization anisotropy of the upper mantle (after MONTAGNER and GuiLLoT, 2000).
The deviation of Vsy/Vsy polarization anisotropy in the upper mantle from the PREM model is shown along a cross section shown in the top

map (the unit is %). Plate 13.

(viii) Most of the lower mantle is devoid of any signifi-
cant anisotropy (MEADE et al, 1995
MonNTAGNER and KENNETT, 1996). However,
significant shear wave anisotropy is documented
in some portions of the D" layer (the bottom of
the mantle) (KENDALL and SiLVER, 1996;
VINNIK et al., 1998; GARNERO et al., 2004;
PanNING and RomanNowicz, 2004). Usually
Vsy > Vgy in the D” layer, but the magnitude of
anisotropy changes from one place to another.
Anisotropy is strong in regions where average
velocity is higher than normal. Evidence for azi-
muthal anisotropy in the D" layer is controversial.

(ix) Thereis a strong anisotropy in the inner core. The
anisotropy has nearly axial symmetry and the
fast P-waves are along the rotation axis
(Fig. 21.12; MORELLI et al., 1986; WOODHOUSE

et al., 1986; DUREk and RomaNowicz, 1999;
Trowmp, 2001). However, anisotropy is depth-
dependent (e.g., SonG, 1997) and there is some
suggestion for hemispheric asymmetry (e.g.,
Tanaka and HaMAGUCHI, 1997).

21.5. Mineral physics bases of geodynamic

interpretation of seismic anisotropy

In order to translate observed seismic anisotropy in the
geodynamic context, one needs to understand the
physical mechanisms by which anisotropic structures
are formed. There are two distinct structures that can
cause seismic anisotropy. One is a layered structure
including the shape-preferred orientation (SPO) of iso-
tropic or anisotropic materials and another is lattice-
preferred orientation (LPO) of anisotropic minerals.
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FIGURE 21.9 The direction of
polarization of faster shear waves
(SKS) in the continent (after SILVER,
1996). The direction of
polarization of a faster S-wave is
nearly parallel to the trend of the
orogenic belt.
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FIGURE 21.10 Shear wave splitting in the Tohoku, Japan (after NAKAJiIMA and HASEGAWA, 2004). In regions near the trench, the direction
of polarization of the faster S-wave is nearly parallel to the trench, whereas in regions far from the trench its direction becomes normal

to the trench. Such a trend is common to many subduction zones.

21.5.1. Anisotropy due to a layered structure

When a material contains two components with differ-
ent properties (chemical composition, density or vis-
cosity), upon deformation the two regions will change
their shape. After large deformation, one could obtain
a highly layered structure (e.g., CHRISTENSEN and

HormMmAaNN, 1994). The scale of layering, i.e., the mean
thickness of layers depends on the mechanisms of
deformation (stirring), but in many cases it can reach
a small size compared to the wavelength of seismic
waves (~ 10-100 km for body waves, ~ 100-1000 km
for surface waves). If the layer thickness is much
smaller than the wavelength of seismic waves, then
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FIGURE 21.12 Anisotropy in the inner core (after DUREk and
RomaNowicz, 1999; TrRomp, 2001). The velocities of P-waves
propagating nearly parallel to the rotation axis are significantly faster
than those propagating normal to the rotation axis. The details of the
anisotropic structure such as the depth variation of anisotropy are not
well constrained.

such a layered structure will appear to be a homo-
geneous but anisotropic structure.

Consider a layered structure made of two isotropic
materials (Fig. 21.13). By definition, there is a symmetry
axis normal to the plane. The elastic constants corre-
sponding to such a structure have the same symmetry as
the elastic constants for a hexagonal structure and have

FIGURE 21.11 Azimuthal
anisotropy of the transition zone as
determined by the overtones of
surface waves (after TRAMPERT and
VAN HElsT, 2002).
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FIGURE 21.13 A finely layered structure. The elastic constants for
deformation in the layering plane and normal to the layering plane are
different, and are characterized by five independent elastic constants.

five independent components (see Chapter 4).” This type
of anisotropy is referred to as transverse isotropy or
radial anisotropy. In order to fully characterize the
nature of a layered structure, one would need to deter-
mine five independent seismic wave velocities (for a
more complete analysis, see BAckus, 1962).

Consider the deformation of a layered material. For
compression normal to the layer (corresponding to
deformation associated with a PV-wave), stress in
each layer must be identical, whereas for compression
within the plane of a layer (deformation associated
with a PH-wave), strain must be the same for each
layer (because of the assumption that the wavelength
of the wave is much larger than that of the thickness of
each layer). A similar argument applies to the

3 Using the elastic constants of a material with a hexagonal symmetry
(see Chapter 4), it can easily be shown that all the coefficients of
azimuthal anisotropy in equation (21.14) vanish
(B,=B;=C.,=C;=E.=G.=G,=0).
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deformation associated with SH- and SV-motion. For
SH-wave propagation, the particle motion is in the
layering plane. By assumption the wavelength of the
seismic wave is much larger than that of the thickness
of each layer, and therefore the strain in each layer
must be the same for SH-motion. For SV-motion,
materials move vertically in each layer. Strain in each
layer can be different, but stress must be the same.
Therefore the elastic moduli for the two types of defor-
mation correspond to homogeneous stress for the hor-
izontal motion and homogeneous stress for vertical
motion and hence,

My = Myd, + Myd, (2122)
and

1
My (21.23)

:dl/Ml +dr/ M,

where M, is the elastic modulus of phase 1 (2) and
di +d,=1. It follows that for a horizontally layered
structure with any elastic constants, we always have

Vsu(Veu) > Vsv(Vev) (21.24)

where VsH(sv, pH, PV)
SH(SV, PH, PV)-waves."
The contrast in elastic modulus is given by

are the velocities of

Mu — M AM\?
S~ () o
and hence
Venst = Vevsy) ¢ (AMY’
<Vp(s)> ) (<M>) 2120

where ¢ is the fraction of a secondary phase,
AM = M, — M, and (M) = /M| M,. Note that the
elastic modulus ratio is proportional to the square of
elastic modulus contrast. This makes sense because
the elastic constant ratio does not depend on which
material is softer (always My > My). But this also
means that in order for this mechanism to cause
significant seismic anisotropy, one needs a large con-
trast in elastic moduli. For example, for ¢ ~ 1%,
AM /M must be on the order of 1. The only plausible
mechanism for this to happen is partial melting. If
AM/M ~ 10%, then the only way to obtain substan-
tial anisotropy is when the fraction of secondary mate-
rial is large, ¢ ~50%. The latter combination works

4 The second subscript indicates the direction of the particle motion.
Therefore PH (PV) is a P-wave that propagates along the horizontal

(vertical) direction.

only for special cases. A plausible case is a layering due
to the stirring in a two-phase mixture such as the
deformed mixture of a mixture of peridotite and eclo-
gite (e.g., ALLEGRE and TURcCOTTE, 1986). Similar
layering may occur in the transition zone (a mixture
of garnetite and peridotite (with wadsleyite or
ringwoodite)) and in the D” layer (a mixture of
paleo-oceanic crust and peridotitic components
(made of perovskite and magnesiowiistite)).

When a two-phase mixture is deformed to large
strains, a layered structure will be formed. However,
the plane of layering is parallel to the shear plane only
at infinite strain. At a finite strain there will be a finite
tilt (GAy (1968) investigated the geometry of an inclu-
sion in an infinite matrix and concluded that the tilt
depends on the viscosity contrast between the inclusion
and the matrix). In this case, a layered structure will
result in azimuthal anisotropy with azimuthal depend-
ence through a 260 term (KaraTO, 1998¢). In such a
case, the sense of shear can be inferred if the sign of 26
is determined from seismology.

21.5.2. Lattice-preferred orientation
(see Chapter 14)

Most rock-forming minerals are elastically aniso-
tropic. Therefore when the crystallographic orienta-
tions are non-random, an aggregate of minerals will
show macroscopic anisotropy (when viewed at a scale
significantly larger than grain size).” The plastic defor-
mation of a polycrystalline material often leads to a
non-random distribution of crystallographic axes
called lattice-preferred orientation (LPO). LPO can
also be made by anisotropic nucleation and/or growth
of crystals during crystallization from melt, phase
transformations and recrystallization.

Elastic anisotropy caused by LPO depends on the
elastic anisotropy of constituent minerals and the ori-
entations of each mineral (i.e., LPO). Elastic constants
of most minerals are anisotropic (Chapter 4), except for
garnet (see Fig. 21.2). Consequently, any non-random
distribution of crystallographic axes will cause elastic
anisotropy of an aggregate. A typical case is summar-
ized in Table 21.1 where the elastic constants of
deformed olivine aggregates under typical upper man-
tle conditions are shown based on the experimental

5 The assumption that the grain size is significantly smaller than the wave-
length of seismic waves is valid, except perhaps for the inner core where
grain size is probably not much smaller than the wavelength of body waves

(this causes significant scattering of body waves, see Chapter 17).
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TABLE 21.1 Elastic constants, C; (GPa), of deformed olivine
aggregates evaluated at pressure of 5 GPa and temperature of
1573 K (these are typical values and the actual values can vary
from these values dependent on the strength of lattice-preferred

orientation).

i\J 1 2 3 4 5 6
A-type fabric

1 236.3 845 81.5 0.4 3.4 0.3
2 2185 829 -—-138 1.2 0.3
3 208.0 —1.3 6.1 0.2
4 649 —-0.1 —-19
5 68.7 0.3
6 66.6
B-type fabric

1 221.3 843 833 —-03 0.8 1.6
2 2235 81.7 —1.4 1.0 1.6
3 2155 —1.3 1.1 —-04
4 68.9 07 —-04
5 674 —-04
6 69.4
C-type fabric

1 2232 83.6 833 03 —-37 0.3
2 209.8 81.9 0.8 1.5 0.3
3 228.5 04 -59 0.2
4 67.9 02 —-19
5 71.1 0.3
6 66.6
E-type fabric

1 236.8 823 84.1 —-0.6 0.4 0.1
2 207.7 827 =26 —-03 —1.0
3 2174 -2.1 —-19 -0.7
4 65.0 0.1 0.4
5 71.1 1.4
6 68.5

Reference axes are defined as 1: shear direction, 3:
shear plane normal and 2: perpendicular to both 1 and

3 directions.

data. Also note that the nature of elastic anisotropy for
a given mineral can change with pressure (and temper-
ature) (Fig. 21.14). A particularly notable case is MgO
for which even the qualitative feature of anisotropy
(faster or slower direction) changes with pressure (see
Chapter 4). This unique feature is common to many
minerals with cubic structure (e.g., ringwoodite (sili-
cate spinel)) that have an intrinsic instability caused by
the softening of Cy44 upon compression (see Chapter 4).
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1.25f
1.20F o MgO
olivine
1.15 1
>5, wadsleyite
\(_}__) 1.10 1
>
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FIGURE 21.14 The depth variation of Vs /Vsy due to the perfect
alignment of major constituent minerals. The horizontal plane is
assumed to be (010) for all minerals. Note the large effects of pressure
on elastic anisotropy. The seismic anisotropy may change with depth
due to the depth variation in LPO (the horizontal plane may change
from (010) to another plane or to a more complicated LPO).

The elastic constants of an aggregate can be calculated
from the elastic constants of its constituent minerals
and their orientations (see Chapter 12).

Two points need to be emphasized concerning the
nature of LPO. First, LPO will be developed by plastic
deformation only when deformation occurs by some
specific mechanisms (dislocation creep and/or twinning).
Among them, deformation by dislocation creep is the
most important mechanism to cause LPO in Earth’s
interior. Deformation by diffusional creep (or grain-
boundary sliding) does not usually produce LPO.
Deformation by dislocation creep (or twinning) occurs
at relatively high stress and/or large grain size.
Consequently, anisotropic structures tend to develop in
certain regions in Earth where stress is high (i.e., boun-
dary layers, see KARATO, 1998d; MONTAGNER, 1998).

Second, when deformation is due to dislocation
creep, the resultant LPO depends on (i) the physical
and chemical conditions of deformation and (ii) the
geometry of deformation (and in some cases the geo-
metry of stress and other fields such as the magnetic
field). The physical conditions of deformation control
the relative ease of deformation by different slip sys-
tems. The relative contributions from different slip
systems determine the nature of LPO for a given defor-
mation geometry. Consequently, in order to infer the
geometry of deformation from seismic anisotropy, one
needs to know the dominant slip system(s) under a
given physical and chemical condition.

2800
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One obvious, but important conclusion is that the
relation between seismic anisotropy and the geometry of
flow is mineral specific and also depends on the physical
and chemical conditions. The Vg /Vsy > 1 corresponds
to the horizontal flow for a case where anisotropy is
caused by LPO of olivine under limited conditions (A-,
B-, E-type, but not for C-type; for olivine LPO see
Chapter 14, also see Problem 12.6), but is not necessarily
true for other conditions and for other minerals.
Similarly, the notion that the direction of polarization
of the faster S-wave is parallel to the flow direction is true
only for the olivine-dominated case under limited phys-
ical and chemical conditions (A-, C- and E-type, but not
for B-type). It is also important to recall that the nature of
elastic anisotropy can change with pressure (and temper-
ature). In short, both elastic and plastic anisotropies are
different among different minerals, and both of them can
change with physical and chemical conditions, and there-
fore the relation between seismic anisotropy and the
nature of flow (e.g., flow geometry) can change from
one region of Earth to another. In order to interpret
seismic anisotropy in terms of geodynamics in one region
(say the lower mantle), one needs to know the relation
between seismic anisotropy and the nature of flow appro-
priate for materials in that region. A relation appropriate
for a certain region of Earth (e.g., the lithosphere) cannot
be applied to other regions in general.

Important progress in recent years includes: (i)
experimental studies on the variation of LPO (in oli-
vine) under various physical and chemical conditions
that have revealed a rich variety of LPO (e.g., JUNG and
KaRrATO, 2001b; KATAYAMA et al., 2004; JUNG et al.,
2006; KATAYAMA and KARATO, 20006), and (ii) the new
development of a high-pressure large-strain deforma-
tion technique (e.g., XU et al., 2005) that allows us to
investigate LPOs in deep Earth materials. (iii) Also
there has been much progress in the numerical modeling
of LPO (e.g., Kaminski and RiBEg, 2001; KAMINSKI,
2002; WENK, 2002). One advantage of this approach is
the ability to simulate complicated deformation history.
However, a major limitation of this approach is the fact
that most of the conclusions from this approach, such as
the geometry of LPO and the rate at which LPO
changes with deformation, hinge on the material prop-
erties that are not always well constrained.

Problem 21.6

Using the results given in Table 21.1, calculate Vsy/Vsy
for A-, B-, C- and E-type olivine fabric corresponding to

the horizontal shear. Also calculate the direction of the
polarization of the faster shear waves.

Solution

Simply use the numbers from Table 21.1 into
equation (21.21) to obtain: Vsy/Vsy = 1.02 (A-type),
1.01 (B-type), 0.98 (C-type) and 1.01 (E-type). The
direction of polarization can be inferred from the
comparison of Cyy and Css. For A-, C- and E-type
fabrics, Css > Cyq and therefore the polarization of
the fast S-wave is along the x; direction (flow
direction), whereas for B-type fabric Css < Cyy, so the
flow direction is normal to the polarization direction of
the fast S-wave.

21.6. Geodynamic interpretation of seismic
anisotropy

21.6.1. Generalities

The first issue in the geodynamic interpretation of
anisotropy is to identify the type of anisotropic struc-
ture that causes seismic anisotropy, namely either it is
due to a layered structure or to lattice-preferred orien-
tation (LPO). This can be made through several meth-
ods. For example, anisotropy due to horizontal
layering would result in transverse isotropy, namely a
type of anisotropy in which wave propagation is iso-
tropic in the horizontal plane. Therefore if azimuthal
anisotropy is significant, one can conclude that hori-
zontal layering is unlikely to be the cause of anisotropy.
One caveat in this inference, however, is that even in
strictly horizontal shear flow, the resulting layered
structure may have some tilt (KArRATO, 1998¢). In
this case, the structure will have azimuthal anisotropy
where the seismic wave velocities depend on 26. If
anisotropy is found to be due to LPO, then one needs
to find out the relation between LPO and flow field for
the materials in the relevant region of Earth.

21.6.2. Seismic anisotropy and its geodynamic
implications

Gross distribution of anisotropy in Earth’s interior

Figure 21.15 shows a gross depth distribution of aniso-
tropy in Earth’s interior. Distribution of anisotropy is
three dimensional and this diagram is certainly an over-
simplification of the actual distribution, but does show
some essential features. The average amplitude of
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FIGURE 21.15 The depth variation of the polarization anisotropy,
Vsu/Vsy» in the Earth’s mantle (after MONTAGNER and KENNETT,
1996).

seismic anisotropy is large in the shallow Earth (upper
mantle) and at the very bottom (D" layer). The ampli-
tude of anisotropy in the inner core (not shown) is again
large. The depth variation of seismic anisotropy partly
reflects the depth variation of elastic anisotropy of con-
stituent materials, but it also reflects the depth variation
of dynamic processes that cause LPO. For example, the
elastic anisotropy of minerals in the upper mantle does
not change with depth so much whereas the amplitude
of anisotropy decreases significantly with depth.
Similarly, the elastic anisotropy of lower mantle miner-
als is comparable to that of the upper mantle, yet the
amplitude of anisotropy of the bulk of the lower mantle
is much less than that of the upper mantle. These obser-
vations suggest that the depth variation of the amplitude
of seismic anisotropy mainly reflects the depth variation
in the dynamic processes of Earth’s interior.

Crust

The deformation of the crust occurs mostly by brittle
fracture in its shallow part (e.g., continental upper
crust) but by ductile deformation in the deeper part
(e.g., continental lower crust). Consequently, the most
important anisotropic structure in the shallow crust is
aligned cracks (i.e., SPO). In this case, the pattern of
anisotropy reflects the stress field as opposed to the
strain field® (e.g., CRAMPIN, 1978; KANESHIMA, 1990).
In the lower crust, however, deformation occurs by

© The distinction between stress and strain is critical for finite strain (see
Chapter 1).

plastic flow. Most of the plastically deformed crustal
rocks show significant lattice-preferred orientation
and have some degree of elastic anisotropy (e.g.,
SIEGESMUND et al., 1989). However, the anisotropic
layer in the crust is thin (compared to the mantle) and
the anisotropic structure is not always persistent at a
large scale, and consequently, there is a relatively small
signal from the crustal anisotropy in the seismic record
compared to those from the upper mantle (e.g.,
SILVER, 1990).

Upper mantle

Seismic anisotropy in the upper mantle is well docu-
mented both by body- and surface-wave studies. The
classic work by RAITT et al. (1969) demonstrated

1200 1600 2000 2400 2800the azimuthal anisotropy in the uppermost oceanic

mantle. They found significant azimuthal anisotropy
of P-waves (~+3%), the fast direction nearly
parallel to the (paleo) spreading direction. Global
studies include TaNniMOoTO and ANDERSON (1984,
1985), MoNTAGNER and Tanimorto (1990, 1991),
MonTAGNER and RiTsema (2001), BEGHEIN and
TRAMPERT (2003a). Seismic anisotropy in the upper
mantle is in most cases attributed to the lattice-
preferred orientation of minerals particularly that of
olivine (e.g., Nicoras and CHRISTENSEN, 1987). The
role of layering such as layering of partial melt was also
suggested (e.g., Ak, 1968; BLAckMaN and KENDALL,
1997), but evidence for melt-induced anisotropy has
not been convincingly demonstrated yet. In fact, one
of the most striking observations on the oceanic upper
mantle is the failure to observe evidence for partial
melting from shear wave splitting measurements near
a mid-ocean ridge (e.g., WOLFE and SoLoMoON, 1998).
Melt appears to be concentrated in very narrow regions
beneath a mid-ocean ridge.

When anisotropy is attributed to LPO, then the
relation between LPO and the tectonic field must be
understood to interpret seismic anisotropy in terms
of tectonic field. The classic work by Nicolas (reviewed
in NicoLAs and CHRISTENSEN, 1987; BEN IsMAIL and
MAINPRICE, 1998) is used in most geodynamic inter-
pretations of upper mantle seismic anisotropy (e.g.,
VaucHiez and Nicoras, 1991; NicorLas, 1993;
SILVER, 1996; SAVAGE, 1999; MONTAGNER and
GuiLLot, 2000; TomMaAst et al., 2000). In this model,
anisotropy is due mainly to the A-type olivine fabric.
Consequently, the direction of polarization of the fast
shear wave is parallel to the flow direction, the direc-
tion of the fast Rayleigh wave is parallel to the flow
direction and Vsy/Vsy>1 (< 1) corresponds to the



Seismic anisotropy and its geodynamic implications

409

horizontal (vertical) flow. Such a relation was used to
infer the convection pattern in the upper mantle
(e.g., TaANIMOTO and ANDERSON, 1984; NATAF et al.,
1986). The observed convergent boundary-parallel
shear wave splitting is interpreted, in this model, by
the shear motion along the convergent boundary called
transpression (e.g., NicoLAs, 1993). When this model is
applied to interpret subduction zone anisotropy, then
one needs to invoke a complicated flow pattern where
flow near the trench is dominated by trench parallel
flow as opposed to trench normal flow (e.g., Russo
and SILVER, 1994; SMITH et al., 2001). A major chal-
lenge to this paradigm came from the experimental
finding that olivine LPO changes with physical and
chemical conditions particularly with water content
as reviewed in Chapter 14 (Jung and KARATO,
2001b). When deformation in olivine occurs (with
some water) at relatively low temperatures (above a
certain stress), then the direction of polarization of
the faster shear wave will be perpendicular to the flow
direction (B-type fabric). Similarly, when olivine is
deformed at high temperature with a large amount of
water, then the horizontal flow will result in
Vsu/Vsv <1 (C-type fabric). KaraTo (2003b) pro-
posed an alternative model to explain trench-parallel
(or convergent boundary-parallel) anisotropy by the B-
type olivine fabric. KNELLER et al. (2005) made a
detailed numerical modeling to investigate the spatial
variation of olivine LPO in the subduction zones.
However, in most of the lithosphere or in the astheno-
sphere, olivine fabric is either A-, E- or C-type, and
consequently, the correlation between the fast shear
waves (Rayleigh waves) and flow pattern is similar to
what has been assumed based on the A-type olivine
fabric (see Problem 12.6). There is evidence of conver-
gent boundary-parallel flow in the structures of
deformed rocks from the shallow upper mantle (e.g.,
Nicoras, 1993; MEHL et al., 2003). However, the
degree to which transpression occurs at a greater
depth is not known. To distinguish these models, it is
critical to map out the depth variation of anisotropy in
the subduction zone.

In addition to olivine, another volumetrically
important mineral that may affect seismic anisotropy
is orthopyroxene. However, the LPO of orthopyroxene
is less extensively studied than that of olivine (e.g.,
CHRISTENSEN and LunDpQuisT, 1982).

Transition zone
The transition zone is the key to a number of geody-
namic problems. In Chapter 20, we learned that there is

evidence for a significant modification to the convec-
tion pattern in the transition zone. Therefore one
expects a signature in the seismic anisotropy of a
change in flow pattern in the transition zone.
However, very little is known about the nature of
anisotropy in the transition zone at the present time.
Earlier works using shear wave splitting suggested only
weak anisotropy in the transition zone (e.g., FISCHER
and WIENs, 1996), but the resolution of these studies is
not high. Some later studies using overtones of surface
waves or free oscillations have revealed some degree of
anisotropy in the transition zone. MONTAGNER and
KENNETT (1996) and BEGHEIN and TRAMPERT
(2003a) showed evidence for SH-SV polarization ani-
sotropy in the transition zone. TRAMPERT and VAN
HEewst (2002) showed the presence of azimuthal ani-
sotropy (see also VINnik and MONTAGNER, 1990).
The pattern of transition zone azimuthal anisotropy,
from their study, is quite distinct from that of the upper
mantle. However, the geodynamic significance of this
observation is unknown because we do not know the
nature of LPO of minerals in the transition zone (at the
time of writing, 2007). In the transition zone, a volu-
metrically important mineral that has a large elastic
anisotropy is wadsleyite (in the upper transition zone).
However the LPO of wadsleyite is not well known.
TommMmast et al. (2004) presented the results of numer-
ical modeling of LPO in wadsleyite and discussed the
geodynamic implications of transition zone aniso-
tropy. However, the results of such a model depend
entirely on the assumed plastic anisotropy of wadsley-
ite that is unconstrained at the present time. In the
lower transition zone, volumetrically important miner-
als, i.e., ringwoodite and majorite, are all nearly elasti-
cally isotropic and they cannot contribute to seismic
anisotropy. If there is any seismic anisotropy present it
must be due to a layered structure or LPO of a volu-
metrically small but highly anisotropic mineral such as
akimotoite (silicate ilmenite).

Lower mantle

The majority of the lower mantle is devoid of aniso-
tropy. This was first noted by the study of shear wave
splitting by MEADE et al. (1995), who showed that the
magnitude of shear wave splitting from most of the
lower mantle is less than ~0.2s. This is surprising
because the lower mantle minerals are elastically as
anisotropic as upper mantle minerals (Figs. 21.2 and
21.15). KarATO et al. (1995b) compared this value
with the expected shear wave splitting resulting from
LPO in perovskite (and magnesiowiistite) (~ 10 to
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~ 205s) and concluded that the most likely cause for the
lack of anisotropy is that lower mantle minerals deform
by diffusional creep (or superplasticity). The absence of
anisotropy is also suggested by the analysis of free oscil-
lation (MoNTAGNER and KENNETT, 1996). However,
anisotropy does exist in some regions of the lowermost
mantle (e.g., VINNIK et al., 1995; KENDALL and
SILVER, 1996, 1998; GARNERO et al., 2004).

The absence of strong anisotropy in the bulk of the
lower mantle, and the presence of significant aniso-
tropy in the D" layer can be naturally explained by
the dynamics of mantle convection and the general
nature of deformation mechanisms in polycrystalline
aggregates. The D" layer is likely to be a boundary
layer of convecting mantle and therefore deformation
there probably occurs at higher stress and strain than
deformation elsewhere. If this view is combined with
another well-established mineral physics concept that
LPO develops only at high stress, then the localized
distribution of anisotropy can be attributed to the
stress—strain distribution and the change in deforma-
tion mechanisms in minerals (KArRATO, 1998d). In
particular, KArRATO (1998¢) emphasized the role of
highly anisotropic (Mg, Fe)O (see also YAMAZAKI
and Karato, 2002). This hypothesis has been
explored by numerical modeling (McNAMARA et al.,
2001, 2002, 2003) who showed that anisotropy in the
lower mantle is confined to regions where subducted
slabs collide at the core—mantle boundary in which
deformation occurs at high stress to large strains. A
serious limitation to current knowledge is the lack of
definitive experimental data on the LPO of silicate
perovskite. KarATO et al. (1995b) determined the
LPO of CaTiO; perovskite (an orthorhombic perov-
skite) under the high-temperature, power-law disloca-
tion creep regime, and inferred that the [100](010) slip
system dominates. But a similar study on (Mg, Fe)SiO3
perovskite is missing at this time (2007).

PanNING and Romanowicz (2004) reported
highly variable anisotropy in the D" layer beneath the
central Pacific and suggested that variable anisotropy
might reflect a complicated flow pattern in that region
from which plumes are considered to rise. However,
the mineral physics basis for such an inference is miss-
ing because the relation between the anisotropic struc-
ture of minerals in the D" layer and the flow pattern is
not yet well known. Similarly, a detailed study on
anisotropy was conducted in the D" layer beneath
Cocos plate (Rokosky et al., 2004). A major compli-
cation to the interpretation of D’ layer anisotropy is
the discovery of a post-perovskite phase. According to

theoretical calculations, this phase is likely to have
modest elastic anisotropy (Ocanov and Ono, 2004;
TsucHIYA et al., 2004a), and therefore its role in seis-
mic anisotropy needs to be included in the analysis, but
the nature of LPO of this mineral is not known.
OGaNov et al. (2005) estimated the slip system of a
post-perovskite phase based on the first-principle cal-
culation in which the concept of crystal dislocation is
not included. They predicted slip planes of (110).
However, the recent experimental results on an analog
material of post-perovskite (CalrO;) by YAMAzZAKI
et al. (2006) show a slip plane of (010) (with a slip
direction of [100]). I note that the validity of the use
of analog materials to infer the dominant slip system is
unknown. For materials with a B-1 structure (NaCl-
type crystals), NaCl and MgO show quite different
LPOs. The slip systems and LPO of perovskite and
post-perovskite phases of (Mg, Fe)SiO; are poorly
constrained at this time.

In addition to the anisotropy in the D" layer, there
are reports on anisotropy in the top lower mantle
(WoOKEY et al., 2002; WookEY and KENDALL, 2004).
These authors reported evidence for anisotropy by shear
wave splitting and the nature of anisotropy there is
Vsu > Vsy. Anisotropy caused by (Mg, Fe)O will be
very small there because the elastic properties of
(Mg, Fe)O at this depth are nearly isotropic.
Consequently, anisotropy in the shallow lower mantle
is likely to be caused by LPO of perovskite, but the
nature of LPO in perovskite is poorly known at this time.

Inner core

The inner core, the central part of Earth, has strong
anisotropy (e.g., SONG, 1997; TrRomP, 2001). To a good
approximation, anisotropy has an axial symmetry and
P-waves propagate faster along the rotation axis than
perpendicular to it (by ~3%). The presence of strong
anisotropy in the inner core is remarkable. The inner
core is very likely to be in a calm environment because
the lateral variation in temperature should be low
because of the efficient heat transfer both in the outer
and the inner core. Melt-induced anisotropy (aligned
melt pocket) was suggested by SINGH et al. (2000), but
the presence of a significant melt fraction is unlikely
because of efficient compaction due to gravity (SUMITA
et al., 1996). Therefore anisotropy due to LPO is the
most likely cause. Indeed, the material composing the
inner core of Earth is most likely to be hcp iron, which
has a highly anisotropic crystal structure and hence
anisotropic elastic constants. This anisotropy also
implies that either plastic deformation in the inner
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core occurs by dislocation creep or the crystallization
of hcp iron occurs anisotropically or both. If the latter
is the dominant mechanism, then the influence of
deformation must be small.

Since the stress levels in the inner core are likely to be
low, it is not obvious if dislocation creep operates or not.
Consequently, KArRAaTO (1993b) and BERGMAN (1997)
proposed that LPO in the inner core may develop by
anisotropic crystallization. Similarly, YOSHIDA et al.
(1996) proposed that LPO in the inner core may develop
by stress-induced grain-boundary migration. However,
as [ discussed in Chapter 17, the grain size of the inner

core is likely to be large, of the order of 100-1000 m. In
such a case, dislocation creep can operate if stress is
modest (e.g., above ~ 10% Pa). After the evaluation of
various sources of stress in the inner core (KARATO,
1999, 2000) concluded that the stress caused by the
magnetic field is the most important stress in the inner
core. In this case, there is a connection between the
magnetic field and the anisotropy of the inner core,
and seismological observations of anisotropy may pro-
vide a clue as to the generation of a geomagnetic field.
However, the details of flow due to the magnetic force
are unknown (also see BUFFETT and BLoxHAM, 2000).
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electron backscattered diffraction, 255, 256
electrostatic energy, 177
energy, 63
energy dissipation, 32
enthalpy, 14
entropy, 14, 15,16, 17, 18, 23, 29, 30
configurational entropy, 16, 27
entropy production, 14, 32
equation of motion, 392
equation of state, 18
error function, 311
etch pit, 93
Euler angle, 258, 259, 260
exponential flow, 340, 345
extensive quantity, 16
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extrinsic defect, 76

fabric, 255
fabric development, 190
fabric diagram, 268-269
fabric transition, 268
fault, 115
faulting, 115-116
Fick’s law, 30, 31, 123-124
Fick’s first law, 123
Fick’s second law, 124
film, 211
finite amplitude instability, 290-292
first principle of thermodynamics, 13
first-order phase transformation, 23, 72, 271, 280, 286
first-order transformation, 23, 272
flexural rigidity, 328, 352
Flinn diagram, 10, 11
flow law, 164
fluctuation, 29
foliation, 11, 257
foliation plane, |1
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four-grain junction, 138, 141
Fourier’s law, 30, 309
Frank energy criterion, 88
Frank-Read source, 155, 329
free oscillation, 324, 364, 400, 410
Frenkel pair, 79, 79-80, 81
frequency-dependent modulus, 201
frequency-dependent phase-lag, 201
friction
friction coefficient, 116, 117
frictional heating, 310
FT-IR, 196
fugacity, 17, 18, 18-20, 28, 168, 182
fugacity coefficient, 18, 22
fugacity of water, 20, 21, 22

gas-medium apparatus, 102, 106

generalized force, 30, 30-32

geochemical reservoir, 361

geodetic observation, 306

geoid, 332, 333
geoid anomaly, 332, 334, 335, 336, 337
geoid kernel, 334

geometrical hardening, 299

geometry of partial melt, 227

Gibbs free energy, 14, 15, 18, 21, 23,24, 25,29, 77, 87

Gibbs phase rule, 24, 27

Gibbs—Duhem relation, 16

glide control model, 160, 192
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Goetze criterion, 120
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grain-boundary charge, 97-98
grain-boundary ledge, 97

grain-boundary migration, 232, 233, 243, 246, 262, 265,
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grain-boundary process, 100
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342, 354, 357, 358, 362, 385
grain-size distribution, 101
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grain-size sensitive creep, 130
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gravity field, 3, 305, 324, 331, 333, 365
gravity potential, 332
Greenwood—Johnson model, 281-283, 286
Griggs apparatus, 106, 171, 188, 345
growth, 251-245

Griineisen parameter, 56, 63, 64, 65, 66, 67, 175,177, 180, 208,

373, 374, 375
thermodynamic Griineisen parameter, 57

Handy’s model, 220

hardness, 111

hardness test, 111

harmonic oscillation, 64

Harper—Dorn creep, 144, 145, 160-161, 164
hep, 362

heat flux, 314

Helmbholtz free energy, 14, 63
heterogeneity, 363-390

high diffusivity path, 126-127

high pressure, 58

high spin, 61

high temperature, 102-103
high-temperature plasticity, 171-173

Hill average, 216

HIP, 100

Hoff’s analogy, 215

homogeneous nucleation, 250

homologous temperature, 178, 277, 280, 358
homologous temperature scaling, 176, 177-178, 193
Hooke’s law, 52-53

hot-isostatic-pressing, 100

hotspot, 401
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hydrated kink, 192
hydro-isostasy, 331
hydrostatic equilibrium, 306
hydrostatic stress, 3
hydrous mineral, 318

ICB, 312
ideal gas, 18, 20, 22
ideal solution, 18
ilmenite, 26, 84, 409
impurity, 98
impurity atom, 149-151, 154
impurity drag, 234-235
inclusion, 237, 264
anisotropic inclusion, 219
incompatible element, 197
infrared spectroscopy, 104, 184
inhomogeneous nucleation, 250
inner core, 232, 254, 278, 321, 338, 362, 402, 408, 410411
inner core boundary, 312
inner core rotation, 322, 362
intensive parameter, 30
intensive quantity, 16
intensive variable, 31
interconnected weak layers, 220
interconnectedness, 222
interface, 29
interface reaction, 135, 136
interface-reaction-controlled creep, 135
interfacial boundary, 250
interfacial energy, 250
internal energy, 13, 15, 29
internal loading, 323
internal load cell, 106
interphase boundary, 225
interstitial atom, 75, 76
intirinsic temperature derivative, 64
intrinsic defect, 76
invariant of stress tensor, 5, 36
inverse pole figure, 257
ionic crystal, 30, 31, 71, 171
ionic radius, 27, 70, 71, 277
ionic solid, 78-82, 132
ionicity, 71
irreversible, 30
irreversible process, 13, 14, 29-32
island structure, 136
isomechanical group, 275-280
isostasy, 332333
isothermal elastic constant, 55
IWL, 220

jacket, 101, 102
J-index, 260, 261

jog, 90-91, 151, 152, 154, 165
joint inversion, 386
Jordan—Handy mode, 219-220
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kinetics, 23
kinetics of chemical equilibrium, 345
kink, 88, 90-91, 146, 206
geometrical kink, 91, 147, 149, 206
kink density, 91
Knoop indenter, 111
Kramers—Kronig relation, 41, 201
Kroger—Vink diagram, 80—82
Kroéger—Vink notation, 79, 80
Kronecker’s delta, 4, 52

Lame’s constant, 52
lateral heterogeneity, 51, 363
lattice strain, 107
lattice vibration, 16, 17, 32, 33, 51, 59, 61, 64
lattice-preferred orientation, 12, 36, 85, 139, 141, 246,
255, 255-270, 300, 318, 362, 386, 391, 392, 402,
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ledge, 139, 234
Lehmann discontinuity, 318, 358, 386
Levy-von Mises equation, 37
Levy-von Mises flow law, 113
Levy—von Mises formulation, 329
Lifshitz—Shikin theory, 140-141
light element, 321, 322
Lindemann’s law, 178
linear instability analysis, 292
linear rheology, 329
linear-variable-displacement-transducer, 105
lineation, 11, 257
line-tension, 155
liquid—solid contact, 97
liquidus, 24, 197
lithosphere, 288, 317, 325, 327, 328, 350, 351,
lithosphere—asthenosphere structure, 317, 3
lithosphere—asthenosphere system, 338
lithosphere—asthenosphere transition, 351, 354, 355
load cell, 105
load transfer, 226

354
39, 351

load-bearing frame, 220

local equilibrium, 29
localization, 288-301

localized deformation, 288, 351
long-term creep, 325, 326
long-term viscosity, 326

Love wave, 397

lower continental crust, 317
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lower crust, 254, 408

lower mantle, 130, 254, 306, 317, 320, 325, 360-361, 389-390,

402, 409-410

low-spin, 61
low-temperature plasticity, 161-162, 166, 171
low-velocity zone, 213, 351

ultra-low velocity layer, 320

ultra-low velocity region, 213

ultra-low velocity zone, 385
LPO, 85, 246, 255, 256, 258, 262, 263, 264, 265,

266, 268, 269, 270, 300, 402, 405, 406, 407, 408,

409, 410, 411
Liiders band, 289, 298
LVDT, 105

machine stiffness, 291-292
Madelung constant, 68, 69
magnetic field, 305, 322, 411
mantle, 317

mantle convection, 301, 316, 323, 335

mantle viscosity, 336
martensitic transformation, 250
Maxwell model, 42, 43, 45
Maxwell relation, 15, 25, 57, 63
Maxwell time, 42, 202, 354
mechanical equation of state, 38
mechanical microprobe, 111
melt, 408

melt geometry, 384

melt pocket, 210, 211

melt tube, 211

melt-induced anisotropy, 410

fraction of melt, 197, 355, 372
melting, 24, 27

batch melting, 197

degree of melting, 197, 355, 356

eutectic melting, 27

fractional melting, 197, 198, 356
Mg#, 382
micro-crack, 115116
microstructure, 226

mid-ocean ridge, 352, 366, 367, 370, 382, 384, 388

Miller index, 56

M-index, 261

mineral physics, 338
misorientation, 259

mixing, 361

Moho, 317

Mohr-circle construction, 118
Mohr’s circle, 56

moment of inertia, 331

M-site vacancy, 129, 183
multi-component aggregate, 341
multi-component system, 5-6, 24
multi-phase material, 214-231

Nabarro model, 159
Nabarro-Herring creep, 130-132, 278
NaCl structure, 86
NacCl-type crystal, 85
Navier—Stokes equation, 327
necking instability, 289, 294
Nernst field, 129
neutron diffraction, 257
nominally anhydrous mineral, 181
non-hydrostatic stress, 28, 29
non-ideal gas, 18
non-linear rheology, 34, 36-38, 328, 337
non-stoichiometry, 27, 28
normal strain, 8
normal stress, 5-0, 29
normalization parameter, 277
nucleation, 250-251
nucleation and growth, 232, 233, 247, 250

oceanic crust, 317, 319
oceanic lithosphere, 350, 352, 353
oceanic upper mantle, 357, 358, 408
ODF, 258, 259, 260, 261, 269
OH bond, 184
OH dipole, 184
olivine fabric, 409
A-type fabric, 408, 409
B-type fabric, 409
C-type fabric, 409
Onsager reciprocal relation, 31, 32, 125, 128
optical mode, 64
opto-elastic technique, 58
orientation distribution function, 258, 260
orientation of shear zone, 292-293
oriented crystallization, 265
oriented growth, 265

Orowan equation, 145, 156, 158, 159, 284, 285, 329

Ostwald ripening, 236, 238-239, 240

outer core, 312, 320, 361-362

oxide activity, 28, 81, 82, 103

oxygen fugacity, 21, 22, 28, 80, 82, 101, 103
oxygen fugacity buffer, 22

paleo-oceanic crust, 405
paleopiezometer, 108, 244, 248-249
partial melt, 210, 212-213, 214, 408

partial melting, 24, 197,213, 315,317, 318, 320, 342, 354-357,

370, 380, 384-385, 387, 390, 408
partial molar thermodynamic potential, 15

partially molten material, 51, 199, 210-213, 227-231

partitioning of an element, 98
Paterson apparatus, 345
Pauling’s rule, 70, 71
Peach—Koehler force, 32, 33, 88
Peclet number, 309
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Peierls mechanism, 122, 162, 166, 174, 175-176, 192, 340, 345  pressure derivative, 61

Peierls potential, 119, 146, 147, 148, 340 pressure shadow, 141

Peierls stress, 143, 145, 146—149, 150, 157, 160, 161, 162, 164,  pressure solution creep, 130, 135-136, 267
171, 204, 205, 206, 274, 275 primary recrystallization, 254

percolation, 222-224 principal strain, 9, 10, 11

percolation threshold, 222, 224, 231 principal stress, 4—5

peridotite, 317, 318, 348, 405 principle of minimum entropy production, 32

permeability, 228 pure shear, 3, 85

PH wave, 404 PV wave, 404

phase diagram, 25-28, 268 P-wave velocity, 52

phase lag, 40, 210
phase transformation, 22-24, 26, 72, 233, 249-253, 271-287, 0, 45, 46, 47, 200, 201, 321, 324, 326, 362

319, 341, 342, 374, 375, 381, 382 Q factor, 41, 324
phenomenological coefficient, 30, 31 071,200
phenomenological theory, 34
phnon density of state, 59 radial anisotropy, 404
physical dispersion, 42 radioactive heating, 312
pinning, 154, 206 rate and state dependent friction, 117
pinning point, 205 Rayleigh number, 309
pipe diffusion, 159-160 Rayleigh wave, 397, 399, 400, 401, 408
plane strain, 10, 11 RDA, 105
planet, 316 recovery, 155, 188
plastic anisotropy, 51, 279 recrystallized grain size, 244, 249
plastic deformation, 34-36, 99113, 114-122, 143-167, relative sea level, 326, 330
168-198, 214-231, 271-287, 288-302 relaxation process, 39
plastic flow, 3, 6, 30, 51, 75,99, 114, 119, 188 relaxation time, 39, 45, 47
plastic flow regime, 115, 119, 121, 339 resolved shear stress, 83
plate tectonics, 122 Reuss average, 216, 218, 287
plume, 350 reversible, 29
point defect, 31, 32, 75, 76-82, 125, 126, 182, 202, 361 reversible process, 14
Poirier model, 283-286 Rys, 373, 381, 390
Poisson’s equation, 92 rheologically critical melt fraction, 231
Poisson’s ratio, 52, 53, 321 rigid body rotation, 3, 7, 8, 85
polarization, 397 rotational deformation, 3, 11
pole figure, 257 rotational deformation geometry, 11
polycrystalline aggregate, 162, 163 rotational Drickamer apparatus, 105, 106, 274
polycrystalline material, 12, 32, 51 R,p, 373
polycrystalline sample, 100 R,s, 373,378, 379, 380, 381, 382
polyhedral model, 7071 Rs/p, 368, 373, 377, 379, 380, 381, 382, 384, 390, 405
pore pressure, 116 RSL, 330, 331
pore-fluid pressure, 102
porosity, 100 S wave, 397
Portevin—Le Chatelier effect, 151, 289, 298 S (P), 397
post-glacial crustal uplift, 337 Sachs average, 216
post-glacial rebound, 136, 140, 163, 323, 324, 326, 328, 334, Sachs model, 218
335, 337, 352 saddle point, 32, 33
power law, 339 sample preparation, 99-101
power-law behavior, 208 sandwich method, 100, 101, 112
power-law creep, 165, 1606, 174, 175, 340, 341 S—C mylonite, 11
power-law dislocation creep, 171, 175, 176, 278 scaling, 276
power-law rheology, 109 scaling law, 268, 270, 276, 277, 278, 286
Preliminary Reference Earth Model, 306 Schmid factor, 83, 84, 88, 233
PREM, 306, 307, 318, 363, 365 Schmid—Boas relation, 263
pressure, 3, 102, 189 Schottky defect, 79, 133, 171, 180

pressure dependence of activation volume, 175, 180-181 Schottky group, 176
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Schottky pair, 78-79
ScS, 397
sea-level change, 323
second invariant of deviatoric stress, 6
second invariant of stress, 285
second invariant of the deviatoric stress tensor, 281, 283
second principle of thermodynamics, 14
secondary phase particle, 235
secondary recrystallization, 254
secondary-ion-mass-spectrometer (SIMS), 184
secondary-ion-mass-spectroscopy (SIMS), 104
second-order phase transformation, 23, 73, 74, 271, 286-287
second-order transformation, 23, 272
sectioning effect, 101
segregation, 98
seimic wave propagation, 392-398
seismic anisotropy, 51, 53, 61, 213, 254, 255, 329, 337, 353,
354, 359, 360, 391411
amplitude of anisotropy, 401
azimuthal anisotropy, 393, 395, 397, 398-399, 409
polarization anisotropy, 393, 399-401, 409
radial anisotropy, 404
seismic lithosphere, 352
seismic tomography, 61, 363, 365, 370, 387, 391
seismic wave, 305, 324
P wave, 397, 401, 408
S wave, 52
seismic wave attenuation, 34, 199-213, 321, 323, 324, 337,
372,373
seismic wave propagation, 51
seismic wave velocity, 23, 47, 51, 61, 214, 363
SH wave, 396, 397, 398, 405
SV wave, 396, 397, 398, 399
seismological observation, 306-309, 312-314, 323-326,
363-390, 391-410
self-consistent approach, 214-231, 263, 264
self-consistent model, 221
self-diffusion, 144
SEM, 102, 164
semi-brittle behavior, 345, 351
semi-brittle regime, 120-122
semiconductor, 149
sense of shear, 267
sensor, 99
servo-control system, 104
servo-controlled actuator, 109
Shannon—Prewitt ionic radius, 61
shape-preferred orientation, 402
SPO, 402, 408
sharpness of the boundary, 365
shear band, 292
shear localization, 121, 226, 232, 288, 289, 295
shear modulus, 52, 86
shear strain, 3, 8
shear stress, 5-6, 52

shear wave splitting, 399, 400, 401, 409
shear zone, 300
sheared lherzolite, 318
SH-SV polarization anisotropy, 400
simple shear, 3, 10, 11, 37, 264, 292
simple shear deformation, 112—113
Si-site vacancy, 183
site percolation, 223
SKS, 397
SKS wave, 399, 400
slip, 82, 263
slip direction, 82
slip plane, 82
slip system, 82, 83, 87, 100, 148, 162, 258,
269, 360, 410
Snoek peak, 203
soft mode, 74
solar nebula, 316
solar system, 305, 316
solid-medium apparatus, 103
solid skeleton, 228
solid solution, 27, 401
solidus, 24, 178, 197, 354, 356
solubility, 181
solute atmosphere, 298
solvus, 27
Soret effect, 31
S—P mylonite, 299
specific heat, 25
spheroidal mode, 365
splitting function, 364
splitting of peaks, 400
SPO, 402, 408
stability of deformation, 137
stacking fault, 76, 83, 89
stagnant-lid convection, 350
standard linear solid, 44
stationary state, 32
statistical mechanics, 29
statistical physics, 33, 109
steady state
steady-state creep, 136
steady-state deformation, 35, 110
steady-state dislocation creep, 157-161
steady-state flow, 38
stereographic projection, 257
Stirling’s formula, 16, 77
stochastic process, 76
stoichiometry, 28, 133, 134
strain, 3, 7, 7-12
dilatational strain, 3
Eulerian strain, 7
finite strain ellipsoid, 267, 268
Lagrangian strain, 7
strain ellipsoid, 9, 10, 11
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strain energy, 29
strain gradient, 90
strain hardening, 38
strain marker, 101
strain partitioning, 226
strain tensor, 78, 9
strain-induced grain-boundary migration, 246
strain rate, 35
constant strain-rate test, 108
stress, 3,4, 12, 34, 35
chemical stress, 160
constant stress test, 109
deviatoric stress, 3, 6, 29, 31, 104
equivalent stress, 37
internal stress, 38, 111, 145, 152, 164, 280, 281, 283
internal stress—strain, 271
stress concentration, 114, 203, 229, 299, 345
stress exponent, 101, 165, 221
stress invariants, 4—5
stress partitioning, 226
stress relaxation function, 40
stress-dip test, 111, 164
stress-relaxation test, 110—111
stress—strain curve, 110
stress—strain distribution, 214, 215
subboundary, 96
subduction
subducted slab, 23, 334, 359, 360, 370, 389, 410
subduction zone, 334, 367, 409
subgrain, 96, 158, 243
subgrain boundary, 158, 243, 246
subgrain growth, 248
subgrain rotation, 243, 246, 248, 265
superplasticity, 109, 129-142, 266, 267, 288-301, 360
structural superplasticity, 137
superplastic creep, 266
superplastic deformation, 264
superplastic flow, 123
transformational plasticity, 137, 280-286, 359
surface force, 4
surface reaction, 236
surface tension, 96, 233
surface topography, 328
surface wave, 317, 351, 364, 366, 399, 408
Love wave, 397
Rayleigh wave, 397, 399, 400, 401, 408
Suzuki effect, 151
synchrotron-based technique, 108
systematics, 275
Szigetti relation, 177

Taylor
Taylor average, 216
Taylor factor, 299

Taylor model, 218
Taylor-Bishop—Hill model, 264
tectonic field, 408
TEM, 93,97, 102, 196, 273
tensor
fourth-rank tensor, 53
second-rank tensor, 3, 4, 53
ternary system, 81
terrestrial planet, 314
texture, 255
thermal activation, 33
thermal defect, 76
thermal diffusion, 207
thermal expansion, 23, 25, 56, 61, 63, 66, 374
thermal lithosphere, 352-353
thermal pressure, 56
thermal runaway instability, 294-295, 305-322
thermally activated motion, 35, 76
thermally activated process, 13, 32-33, 123, 125
thermo-chemical environment, 102—104
thermocouple, 103
thermodynamics, 13
thermodynamic force, 31
thermodynamic Griineisen parameter, 57
thermodynamic potential, 15
thermoelasticity, 207-208
thickness of grain boundary, 97
thin film, 136
thin fluid film, 136
tidal deformation, 324
tidal dissipation, 199
tilt boundary, 94
tomography, 364
topography, 385
topography on discontinuity, 385-386, 388
torsion apparatus, 99
torsion test, 99, 100, 101, 112-113
transformation kinetics, 190
transformation plasticity, 280-286
transient behavior, 140
transient creep, 38, 40, 143, 146, 156, 326, 329-330, 337
transient diffusional creep, 203
transient dislocation creep, 204
transition zone, 254, 271, 306, 312, 317, 319-320, 330,
359-360, 386, 387, 388389, 401, 405, 409
transmission electron microscope, 93, 97, 164
transpression, 409
transverse isotropy, 400, 404, 407
trench, 409
tri-axial compression, 3, 37, 112
tri-axial compression test, 100, 112
tri-axial testing apparatus, 99
twin boundary, 207-212
twinning, 122, 162, 263, 406
twist boundary, 94
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two-phase material, 215, 299 Voigt average, 216, 218
two-phase mixture, 405 Voigt model, 43, 44
Voigt notation, 53
ultra-low velocity region, 213, 320, 385 volatile, 314, 318
ultra-mylonite, 232 von Mises condition, 85-86
ultrasonic technique, 58 vorticity, 8, 11
ultrasonic wave, 58, 200
uni-axial compression, 37 Walsh mechanism, 211
unrelaxed model, 281 waveform inversion, 364
upper mantle, 130, 254, 306, 317, 350-358, 382, 387-388,408-409  Weertman model, 159
Urey ratio, 310 wetting behavior, 230
whole mantle convection, 316

V*, 345 work hardening, 88, 110, 145, 146, 149, 155, 157, 188, 285,
vacancy, 29, 75, 76, 80, 182 286, 293, 299
variational principle, 216, 217 work softening, 188, 293
velocity of elastic waves, 41, 58
Venus, 322, 346 X-ray, 256
vibrational entropy, 17, 29 X-ray diffraction, 57, 99, 106, 107, 108
Vickers indenter, 111
viscoelasticity, 39, 199, 202 yield stress, 33, 116, 148, 161, 351
viscosity, 339 yielding, 35

effective viscosity, 36, 37, 342, 354

viscosity profile, 360 Zener model, 43, 44, 45, 47

viscosity tensor, 36 Zener peak, 203

viscosity-depth profile, 336 Zener pinning, 225, 237-238, 296, 358

viscous motion of melt, 210 zirconia sensor, 104



