The Texture of Rocks in the Earth’s Deep
Interior: Part II. Application of Texturing
to the Deep Earth

1. Seismic Anisotropy
The Earth is composed of compositionally distinct
units with characteristic properties. They are summarized in Fig. 1, which also gives information on
temperature and pressure. The crust shows the
greatest diversity of minerals (over 3000) that are
accessible to direct observation in igneous, metamorphic, and sedimentary rocks. Emphasis of this
review is the mantle and the solid inner core of the
Earth. The Mg2 SiO4 phase diagram covers the main
phases in the mantle, olivine in the upper mantle,
spinel-like structures ringwoodite and wadsleyite in
the transition zone, perovskite (MgSiO3 ), and periclase (MgO) in the lower mantle (Fig. 2). At higher
pressure, phases tend to have simpler crystal structures than minerals in the crust, as established by
high-pressure experiments and theory (e.g., Fiquet
2001). Particularly, phase transformations in the
transition zone (400–700 km) are associated with
large volume changes and this may be the cause of
deep-focus earthquakes (Green and Houston 1995).
The phase diagram for iron (Fig. 3) pertains to the
core. In the solid inner core hexagonal (e) iron is the
most likely phase. What do we know about the
deformation behavior of those minerals and how do
they contribute to seismic anisotropy? But before

Figure 1
Structure of Earth. Depth, pressure, and temperature
are indicated as well as main phases in the different
units.

investigating plasticity of mantle minerals, a brief
discussion of anisotropic regions in the Earth is
appropriate.
Seismic anisotropy was ﬁrst recorded in the
shallow upper mantle beneath Hawaii (Hess 1964,
Morris et al. 1969), observing that surface waves
travel B10% faster in the E–W direction than N–S.
Since then maps of azimuthal anisotropy have been
constructed for the uppermost mantle beneath
oceanic lithosphere (e.g., Tanimoto and Anderson
1985; Fig. 4). Fast wave propagation directions
overall correspond to ﬂow directions as implied
from plate motions. (This was the rationale for the
original concept of Hess that [100] slip directions of
olivine align with ﬂow lines.) The anisotropy pattern
has been reﬁned and it became apparent that
anisotropy in the upper mantle varies greatly with
depth (e.g., Montagner and Guillot 2002). Overall,
anisotropy at 200 km is much weaker than at 100 km.
Beneath continents, anisotropy has been studied
mainly with SKS body waves (waves that pass
through the outer core and cross the mantle at a
high angle). These S-waves become polarized in
anisotropic media and the time differences between
the fast and the slow wave arrivals are indicative of
the degree of anisotropy (shear wave splitting).
Anisotropy is at a deeper level beneath continents
than oceans and less pronounced. It has been
associated with tectonic processes and mountain
building (e.g., Savage 1999, Silver 1996).
Anisotropy was documented in layers of the
transition zone (400–700 km) where olivine breaks
down to high-pressure phases. Particularly, just
above the 660 km discontinuity anisotropy is pronounced and may be related to intense deformation
near those phase transitions (Trampert and Heijst
2002). But contrary to the regular pattern of
anisotropy in the uppermost mantle, anisotropic
regions in the transition zone are conﬁned, vary in
extent and depth, and are to some degree associated
with subduction (Fouch and Fischer 1996).
There is little evidence for anisotropy between
700 km and 2700 km (a few exceptions have been
noted by Barruol and Hoffmann 1999), but this may
be partially due to limited crossing ray coverage.
However, the deep mantle, in the vicinity of the
boundary with the core (D00 layer), reveals itself as a
fascinating and heterogeneous area of the Earth (e.g.,
Kellogg et al. 1999). Geodynamic modeling suggests
very strongly deformed subducting slabs (McNamara
et al. 2001) and seismologists have observed anisotropy that could be due to texturing (e.g., Fouch et al.
2001, Kendall and Silver 1996, Ritsema 2000,
Thomas and Kendall 2002, Vinnik et al. 1998),
periodic layering (Garnero 2000), or partial melt (Lay
et al. 1998). In most cases of mantle anisotropy, only
the azimuthal variation of anisotropy is known and
little information exists about the tilt, for example, of
the fast propagation direction.
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Figure 2
Pressure–temperature phase diagram for Mg2SiO4 (Cordier 2002). Approximate geotherm is indicated by dashed line.

2. Anisotropy in the Upper Mantle (Olivine)

Figure 3
Pressure–temperature phase diagram for iron (Shen et al.
1998).

The outer core is liquid and thus isotropic, but it is
ﬁrmly established, both from body waves and free
oscillation observations, that the solid inner core
is again anisotropic. Compressional P-waves travel
3–4% faster along the (vertical) axis of the Earth,
than in the equatorial plane (e.g., Creager 1992,
Romanowicz et al. 1996, Shearer 1994, Song 1997).
Anisotropy may be concentrated near the surface of
the inner core (Tromp 1993) or in the deeper parts
(Song and Helmberger 1995).
In the next section we will explore how texture
analysis and polycrystal plasticity can help us understand the anisotropy patterns in the Earth.
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The mantle is not exposed on the surface of the
Earth. However, during tectonic activity, smaller and
larger parts of upper mantle rocks have been locally
juxtaposed within the crust and can be sampled. The
rocks are mainly peridotite, composed largely of
olivine and subordinate pyroxene. Locations where
mantle peridotites can be sampled are in Oman
(studied extensively by Boudier and Nicolas 1995), as
inclusions in volcanic rocks from Africa and several
other places. Olivine in these peridotites is strongly
oriented and texture patterns have been compiled by
Ben Ismail and Mainprice (1998). By far the most
common texture type has (010) poles nearly perpendicular to the foliation plane and [100] axes
subparallel to the lineation direction (Fig. 5(a)). A
much more rare texture type with (100) poles
perpendicular to the foliation and [001] parallel to
the lineation (Fig. 5(b)) has been found in the Alps
.
(Mockel
1969) and the Horoman complex in Japan
(Furusho and Kanagawa 1999). The latter type may
not have formed in the mantle but during crustal
deformation at great depth (80–100 km), and relatively low temperature (Frese et al. 2003). Microstructures in these naturally deformed olivine rocks
indicate that deformation was accompanied by
recrystallization.
Deformation mechanisms in olivine can be studied
in the laboratory. It has been established, mainly
through single-crystal experiments in compression
geometry, that at high temperature (010)[100] is the
preferred slip system (e.g., Bai et al. 1989, Nicholas
et al. 1973). At lower temperature (100)[001] slip and
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Figure 4
Distribution of velocities for Rayleigh waves. The lines correspond to the maximum velocities at a depth of B100 km.
Spreading ridges are indicated (Montagner and Tanimoto 1990).

Figure 5
Texture types in naturally deformed olivine, represented
as (100) and (010) pole ﬁgures. (a) High-temperature
texture of peridotite from South Africa. This texture
type is typical of mantle material. (b) Low-temperature
texture in metamorphic olivinite from the deformed
peripheral zone of the Alpe Arami ultramaﬁc body,
Central Alps; EBSP measurements, equal area
projection, logarithmic contours.

fhk0g[001] pencil glide is dominant (Raleigh 1968).
(100)[100] slip is also active at high temperature and
high stress, with higher water content (Jung and
Karato 2001). Slip systems were identiﬁed by optical
and electron microscopy; critical resolved shear
stresses, as well as strain rate sensitivities were
determined in mechanical tests. These slip systems
at higher and lower temperature are consistent with
the two texture types shown in Fig. 5.

Knowing slip systems and their activity it should
be possible to predict texture development for a given
strain path. We will illustrate this by modeling olivine
deformation and recrystallization with methods
described in Part I. An olivine aggregate, with its
low crystal symmetry and limited numbers of slip
systems, is unlikely to deform homogeneously and a
theory that is closer to equilibrium than compatibility
is more realistic. For simple shear deformation,
Fig. 6(b) shows (100) pole ﬁgures for pure deformation (with (010) slip dominating) and Fig. 6(d) for
deformation accompanied by dynamic recrystallization (with nucleation dominating over boundary
migration), with the self-consistent theory as a
plasticity model. An asymmetric deformation texture,
compatible with simple shear, transforms to a more
symmetric recrystallization texture, with slip directions aligned in the shear direction. Those orientations nucleate preferentially because they are most
highly deformed. The simulations are in excellent
agreement with experiments (Zhang and Karato
1995), both for deformation (Fig. 6(a)) and recrystallization (Fig. 6(c)).
Since we can model a laboratory experiment, we
can now apply the same method to the larger system
of upper mantle deformation. In the mantle, large
cells of convection are induced by instabilities and
driven by temperature gradients (e.g., Bunge et al.
1998). The strain distribution in a convection cell is
very heterogeneous but can easily be approached
with polycrystal plasticity. On a microscopic scale,
olivine is deformed in the upper mantle by intracrystalline processes such as slip of dislocations, and
accompanying dynamic recrystallization. Dawson
and Wenk (2000) have used the ﬁnite element method
that incorporates as a constitutive equation polycrystal plasticity to investigate the development of
3
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dynamic process, which Wenk et al. (1999) tried to
capture in a video.
Knowing texture patterns over the upper mantle,
one can then average anisotropic elastic properties
and from those evaluate seismic wave velocities.
Figure 9 shows a map of compressional P-wave
speeds in the vertical (i) and horizontal (ii) directions
(Dawson and Wenk 2000). The map illustrates large
variations, up to 15%, and reminds us of seismic
tomographic maps of wave velocity variations that so
far were mainly attributed to composition and
temperature. Future geodynamic modeling as well
as seismic interpretations should include the complexities of structural anisotropy and mechanical properties. All these factors have an inﬂuence of similar
magnitude on wave velocities.
Even though in-detail texture development of
olivine is complex and not simply an alignment of
slip directions with ﬂow lines, the overall seismic
anisotropy of the uppermost mantle (Fig. 4) can be
reasonably explained as a result of texturing during
upwelling along ridges (Blackman et al. 2002).

3. Lower Mantle

Figure 6
Texture types of olivine deformed in simple shear. (a, c)
Experiments by Zhang and Karato (1995), (b, d) selfconsistent simulations, assuming slip system activities
representative of high temperature. (a, b) Pure
deformation and (c, d) deformation accompanied by
dynamic recrystallization; equal area projection,
logarithmic contours (Wenk and Tome 1999).

anisotropy during mantle convection. Figure 7
follows texture development of olivine in the upper
mantle along a streamline in (100) pole ﬁgures. A
strong texture develops rapidly during upwelling (B).
The preferred orientation stabilizes during spreading
(C, D) and attenuates during subduction (E). The
pole ﬁgures are distinctly asymmetric due to the
component of simple shear. While the ﬁnite strain
along a streamline increases monotonically, the
texture does not. The map of textures in a hypothetical two-dimensional convection cell documents
great heterogeneity (Fig. 8), both laterally and with
depth. Texture development in the mantle is a highly
4

Much less is known about the deeper Earth.
Deformation experiments are more difﬁcult because
pressures are beyond conditions reached by ordinary
mechanical devices. One approach has been to use
analog systems with phases of similar structures and
bonding but different compositions that are stable at
lower pressure and deform at lower temperature. For
example, for MgSiO3 perovskite CaTiO3 has been
used (Karato et al. 1995). An analog for periclase
(MgO) and magnesiowuestite (FeMgO2) is halite
(NaCl). But analogs are of questionable value when it
comes to deformation mechanisms, since slip systems
depend on the detailed electronic structure and
bonding characteristics. Therefore, new deformation
apparatuses are presently under development to
deform single crystals and polycrystals at pressures
up to 30 GPa (Durham et al. 2002). In some cases
high-pressure phases can be recovered metastably
and analyzed, for example, by electron microscopy,
to establish active slip systems (e.g., review by
Cordier 2002).
For nonquenchable phases, in situ observations are
required and here texture comes to play a crucial role
because, contrary to microstructure, texture can be
measured at high pressure. If we know texture
patterns, we can infer deformation mechanisms. With
radial diamond anvil experiments, introduced in
Part I, texture development in axial deformation
can be studied at pressure above 400 GPa. Figure
10(a) is an inverse pole ﬁgure for MgO deformed at
47 GPa. The axial stress component is estimated to be
8.5 GPa. Materials such as MgO with NaCl structure
deform on {111}, {110}, and {100} slip systems, all
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Figure 7
Mantle streamline with (100) olivine pole ﬁgures at ﬁve different locations.

Figure 8
(100) pole ﬁgures of olivine at different locations in a simple mantle convection cell. Upwelling is on the left side,
subduction on the right side (Dawson and Wenk 2000).

with the [110] slip direction (Carter and Heard 1970).
In the case of NaCl, at low temperature {110} is
favored but at higher temperature all systems operate
with similar ease and the texture changes accordingly
(Lebensohn et al. 2003). We illustrate for MgO how
texture can be used to determine deformation
mechanisms even if direct observation with an
electron microscope is not possible (Merkel et al.
2002). The texture derived from the in situ diamond
anvil diffraction experiment displays a strong (001)
ﬁber component (Fig. 10(a)). This texture can only
be simulated if exclusively {110} slip is active
(Fig. 10(b)). If other slip systems are equally active
(in Taylor simulations they are activated to maintain
compatibility), the texture type is very different with
a maximum at (110) (Fig. 10(c)). It can therefore be
concluded that {110}/11% 0S is the only signiﬁcantly
active slip system at 47 GPa and room temperature.

It is to be expected that at lower mantle conditions,
in analogy to halite at higher temperature, several slip
systems become active. Indeed, textures developed in
high-temperature torsion experiments on magnesiowuestite by Stretton et al. (2001) and shear experiments by Yamazaki and Karato (2002) can only be
explained by simultaneous activity of {111}, {110},
and {100} slip systems.
During subduction of upper mantle slabs into the
lower mantle, geodynamic modeling suggests heterogeneous deformation with complicated streamlines
(Kellogg et al. 1999, McNamara et al. 2001; Fig. 11).
Using slip systems that were active in the hightemperature torsion experiments, we can then again
predict texture evolution along a streamline in the
subducting slab with increasing depth (Fig. 12).
Simulated textures for MgO (represented as (100)
pole ﬁgures) are strong at depths of 2000 km, but to
5
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Figure 9
Seismic P-wave velocities in the mantle convection cell
(Fig. 8), indicated by color pattern: (i) vertically
traveling waves and (ii) horizontally traveling waves
(Dawson and Wenk 2000).

produce seismic anisotropy, also substantial singlecrystal elastic anisotropy is required. At high pressure
and temperature, MgO is strongly anisotropic (e.g.,
Karki et al. 1999). Diamond anvil experiments, based
on lattice distortions, also provide information on
elastic properties at high pressure (Part I, ﬁg. 5).
Curiously, at intermediate pressures single-crystal
anisotropy of MgO is minimal, which may explain
absence of signiﬁcant anisotropy in the intermediate
lower mantle.
So far no convincing deformation experiments
have been done with silicate perovskite. Experiments
on the analog CaTiO3 suggest that, while twinning
may produce a texture at low temperature, at higher
temperature superplasticity may be active with no
preferred orientation (Karato et al. 1995). In
diamond anvil experiments on silicate perovskite no
texture was observed (Merkel et al. 2003a). Naturally
there is uncertainty with such conclusions from
samples with very small grain size. In the future,
experiments need to be done with large samples,
realistic size distributions, and compositions corresponding to those present in the lower mantle.
Nevertheless, the large strains produced near the
core mantle boundary, high-temperature gradients,

Figure 11
Temperature distribution during simulated subduction
of a slab into the lower mantle (blue: cold, white:
medium, red: hot, as indicated) (McNamara et al. 2001).

and conceivably phase transformations are likely to
produce crystal preferred orientation, consistent with
seismic observations of heterogeneity and anisotropy.
While great progress is being made to better understand plasticity at high pressure, knowledge about
deformation mechanisms of lower mantle phases at
relevant conditions is still poor.

4. Core
The main component of the inner core is an iron-rich
alloy, most likely with a hexagonal close-packed
(h.c.p.) (e-iron) structure (e.g., experiments by Shen
et al. 1998, and ﬁrst principles calculations by
Wasserman et al. 1996).
As was mentioned earlier seismic waves travel
B3–5% faster along the NS axis of the inner core
than in the equatorial plane (Fig. 13). There is general
agreement that the reason for seismic anisotropy is an
alignment of crystals but there are many ideas about
the processes that lead to such an alignment. Wenk
et al. (2000b) presented a model for core texturing

Figure 10
Inverse pole ﬁgures for MgO, deformed in axial compression. (a) In situ diamond anvil experiment at 20 GPa. To the
right are simulations with {110}[11% 0] slip highly favored with (b) the self-consistent theory and (c) the Taylor theory
(Merkel et al. 2002). Logarithmic contours.
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Figure 12
Simulation of texture development of periclase (MgO) during slab subduction into the lower mantle along a
streamline of the McNamara et al. (2001) model at four different depths ({100} pole ﬁgures). It is assumed that {110}
and {111) slip are equally active.

Figure 13
Inner core anisotropy. Plotted are ray residuals on a
map with diamonds indicating negative (fast) residuals
and crosses positive (slow) residuals. Symbol size is
proportional to absolute value. North pole is in the
center (Shearer 1994).

during convection. The quantitative analysis revealed
that indeed strong textures would develop but, since
temperature gradients are very small, internal radioactive heating would be required to drive convection.
This is possible if potassium, which shows an afﬁnity
to iron at high pressure, is enriched in the core.
Yoshida et al. (1996) propose growth in a stress ﬁeld
to minimize the free energy of the system. Another
possibility is solidiﬁcation texturing at the boundary
with the liquid outer core (Bergman 1997). Finally,
the Earth’s magnetic ﬁeld may produce stresses that
deform the material and thus produce crystal
rotations (Buffett and Wenk 2001, Karato 1999).
Since the core is so remote, and many conditions are

poorly known, convincing cases can be made for each
mechanism.
Here we will only illustrate the example of the
magnetic ﬁeld. The largest electromagnetic (Maxwell)
shear stresses in the Earth’s geodynamo arise from
the combined inﬂuence of the radial and azimuthal
components of the magnetic ﬁeld and are on the
order of several Pa. Strain gradually accumulates to
B50% as the inner core grows by solidiﬁcation in
1 M.y. The azimuthal component of the Maxwell
stress, which is about an order of magnitude larger
than the radial component, imposes a strong simple
shear deformation.
A prerequisite for modeling this deformation is the
knowledge about slip systems that are active in
e-iron. This phase is not stable at ambient conditions
and deformation experiments need to be performed
at high pressure. This can be done with diamond
anvil cells, and again a comparison of texture
patterns that were observed at pressures close to
those in the inner core (220 GPa) (Fig. 14(a)) with
polycrystal plasticity simulations (Fig. 14(b)) can be
used to determine slip systems (Wenk et al. 2000a,
2000b). A strong c-axis maximum near the compression direction is only compatible with signiﬁcant
basal slip, consistent with ab initio predictions
(Poirier and Price 1999). In this context the issue of
inherited texture during phase transformations is
signiﬁcant (Merkel et al. 2003b). The deformation
experiments start with a-iron (b.c.c.) and in compression two ﬁbers, 001 and 110, develop (Fig. 15(a)). At
15 GPa the material transforms to e-iron (h.c.p.) with
a maximum at ð112% 0Þ (Fig. 15(b)). This is consistent
with the Burgers (1934) relationship (0001)/112% 0S
(h.c.p.) and {110}/11% 1S (b.c.c.) based on structural
similarities of the b.c.c. and h.c.p. lattices. Upon
further deformation in the e-iron ﬁeld this transformation texture changes by slip and the maximum
moves to (0001) (Fig. 14(a)).
With such information about intracrystalline mechanisms, one can then apply the Maxwell stresses to
the solid core and predict orientation patterns for
different locations. Indeed, a strong texture develops,
7
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Figure 14
Inverse pole ﬁgures for e-iron (h.c.p.) deformed in compression. (a) In situ diamond anvil texture determination at
220 GPa. (b) Texture simulation with the self-consistent theory for conditions that favor basal slip, 50% strain. Equal
area projection, logarithmic contours (Wenk et al. 2000a, 2000b).

Figure 15
Inverse pole ﬁgures illustrating texture correspondence during the phase transformation from a-iron (b.c.c.) to e-iron
(h.c.p.) with increasing pressure: (a) is at 12.7 GPa and (b) at 21 GPa. Equal area projection, logarithmic contours
(Merkel et al. 2003b).

particularly in the outer parts of the inner core
(Buffett and Wenk 2001). A next step is to average
single-crystal elastic properties over the simulated
orientation distributions. This is not trivial since
elastic properties for e-iron have not been measured
experimentally at inner core conditions. Until recently it was assumed that the fast P-wave propagation direction is parallel to the crystal c-axis
(Fig. 16(a)), based on ab initio predictions for 0 K.
A big surprise came when new calculations of SteinleNeumann et al. (2001) included temperature and
found that at core temperature (6000 K) the pattern
is reversed, with fastest P-wave velocities perpendicular to the c-axis (Fig. 16(b)). For the Buffett and
Wenk (2001) model, strong anisotropies are obtained
for different locations (Figs. 16(c) and (d)), and if
these patterns are averaged by applying axial Earth
symmetry, one obtains a small anisotropy with faster
velocities parallel to the N–S axis. Admittedly there
are many uncertainties and the humble Francis Birch
8

(1952) axiom that ‘‘Unwary readers should take
warning that ordinary language undergoes modiﬁcation to a high pressure form, when applied to the
interior of the Earth, e.g., Certain (high pressure
form)—Dubious (Ordinary meaning); Undoubtedly—
Perhaps; Positive proof—Vague suggestion’’ is still
valid and many arguments about the center of the
Earth remain speculations in the realm of Jules
Vernes. Several different processes may contribute to
anisotropy. But the example illustrates that even for
such remote places as the center of the Earth a
combination of experimental techniques and theories
that are commonly applied in materials science can be
used to better understand structural features.

5. Conclusions
The discussion has illustrated that texture evolution
and anisotropy in the Earth are complex and
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Figure 16
Anisotropy of e-iron in the inner core shown as
contoured P-velocity surfaces. (a, b) Single crystal
P-velocities for e-iron (h.c.p.), c-axis is in center (SteinleNeumann et al. 2001): (a) 0 K and (b) 4000 K. (b, c)
P-velocities for two locations near the surface of the
inner core that was deformed and textured by Maxwell
stresses. Equal area projection, linear contours
(Buffett and Wenk 2001).

heterogeneous. Methods do exist to simulate patterns
for a range of conditions but much work remains to
be done. Clearly, there is no simple answer to
anisotropy in the Earth such as ‘‘fast directions align
with the ﬂow direction.’’ Preferred orientation of
minerals in rocks is an important aspect of their
plastic behavior and advanced computational methods help to link microscopic mechanisms and
macroscopic properties. From observed texture
patterns we can infer deformation mechanisms. If
mechanisms are known, we can predict anisotropy
that should evolve in geodynamic situations and, in
turn, use seismic observations of anisotropy to
interpret deformation processes in the deep Earth.
Much of the progress that has been achieved relies on
close collaborations of Earth and materials scientists,
and the author has been greatly inspired by a long
and fascinating interaction with Gilles Canova, Paul
Dawson, Fred Kocks, Carlos Tome! , and others.
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