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a b s t r a c t
Olivine crystallographic preferred orientation (CPO) is the primary cause of seismic anisotropy in the
upper mantle. In tectonic environments with complex ﬂow patterns, for example corner ﬂow near
mid-ocean ridges or subducting slabs, the interpretation of seismic anisotropy may be complicated by
evolving thermochemical deformation conditions and the integrated deformation history. To understand
how deformation history inﬂuences CPO evolution, deformation experiments were conducted on samples
of Åheim dunite, which has a strong pre-existing texture. Experiments were performed in a triaxial
geometry using a Griggs apparatus at P = 1 GPa, T = 1473 K, up to a maximum strain of ∼0.7.
To simulate different deformation histories, samples were deformed in three different conﬁgurations,
with the pre-existing foliation perpendicular, oblique, and parallel to the shortening axis of deformation.
Distinct patterns of CPO development are observed for each experimental conﬁguration. Likewise, texture
strength, symmetry, and orientation evolved differently in each set of experiments. These data are
interpreted as evidence that CPO did not reach steady state and that achieving steady state texture
requires larger strains than previously thought. It is concluded that the integrated deformation history
plays a signiﬁcant role in CPO evolution and the consequent interpretation of seismic anisotropy in Earth’s
mantle.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Olivine is the most abundant mineral in the upper mantle and
its rheology plays an important role in mantle convection and the
dynamics of Earth’s tectonic plates (Hirth and Kohlstedt, 2003;
Karato and Wu, 1993). Over a wide range of deformation conditions, strained crystal lattices align themselves in particular patterns described as crystallographic preferred orientation (CPO). The
formation and evolution of CPO in olivine is related to the kinematics of ﬂow (Karato, 1988; Wenk and Christie, 1991), the magnitude of strain (Nicolas et al., 1973; Skemer et al., 2012; Zhang and
Karato, 1995), and the thermodynamic conditions of deformation
(Couvy et al., 2004; Jung et al., 2006; Katayama and Karato, 2006;
Raterron et al., 2007). The CPO generated by olivine deformation is
widely considered to be the primary cause for seismic anisotropy
in the upper mantle (Karato et al., 2008; Long and Becker, 2010;
Mainprice et al., 2000; Nicolas and Christensen, 1987; Savage,
1999), and may also play an important role in the generation
of rheological anisotropy (Hansen et al., 2012; Montési, 2013;
Skemer et al., 2013; Tommasi et al., 2009).
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The most common olivine texture, which is developed by the
dominant activity of the [100](010) slip system, aligns the olivine’s
seismically fastest crystallographic axis [100] with the direction of
ﬂow. This A-type texture has been widely observed in both natural
samples (Ben Ismaïl and Mainprice, 1998; Nicolas and Christensen,
1987) and laboratory deformation experiments (Zhang and Karato,
1995). The ubiquity of these observations provides a strong basis for the inferring mantle ﬂow patterns from seismic anisotropy
(Montagner, 2002; Montagner and Tanimoto, 1991; Savage, 1999;
Silver et al., 1999; Tanimoto and Anderson, 1985) and for the
parameterization of models that predict seismic anisotropy from
numerical simulations of mantle ﬂow (Becker et al., 2003, 2006;
Conrad et al., 2007; Faccenda and Capitanio, 2012; Kaminski and
Ribe, 2001; Tommasi et al., 2000).
To infer mantle ﬂow from seismic anisotropy, important assumptions must be made about the rate that CPO evolves. Speciﬁcally, it is necessary to assume that a steady state texture develops
quickly and does not lag signiﬁcantly behind changes in kinematics (Kaminski et al., 2004). However, recent experimental (Hansen
et al., 2014; Skemer et al., 2011), geological (Skemer et al., 2010;
Warren et al., 2008; Webber et al., 2010), and numerical studies
(Castelnau et al., 2009) have shown that olivine CPO may evolve
more slowly than previously thought. Of particular importance
may be the inﬂuence of pre-existing olivine CPO on subsequent
texture evolution (Skemer et al., 2012). In settings of complex
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Table 1
Summary of experiments parameters and texture elements. All experiments are under conditions of ∼1 GPa and 1200 ◦ C respectively.

Triaxial deformation experiments were performed using a solid
medium Griggs apparatus at a conﬁning pressure of 1 GPa, temperature of 1200 ◦ C, and strain rates of 3.9–5.4 × 10−6 [1/s] (Table 1). The starting material for these experiments is the Åheim
dunite, which is composed mainly of olivine (∼95%), with small
amount of orthopyroxene (∼2%), chlorite (∼2%), and spinel (∼1%)
(Chopra and Paterson, 1981), and has been used in numerous
laboratory experiments (Berckhemer et al., 1982; Chopra and Paterson, 1981, 1984; Druiventak et al., 2011; Jackson et al., 1992;
Jin et al., 1994; Keefner et al., 2011; Van der Wal et al., 1993;
Wendt et al., 1998). The Åheim dunite was chosen speciﬁcally
for its coarse grain-size (∼0.3 mm) (Fig. 1A) and for its relatively
strong initial texture (Fig. 1B).
Samples were obtained from the same block characterized by
(Jackson et al., 1992). Cores, extracted using a diamond coring bit,
were ground into right cylinders with a diameter of 5.1 mm and
with a length of 12.0 mm. Samples were cored in three different orientations with respect to the sample foliation. In the ﬁrst
orientation, the sample’s long axis, which is also the axis of shortening and the coring direction, is perpendicular to the foliation
plane (Fig. 1C, henceforth this geometry is described to be “perpendicular”). In the second orientation, the sample core is at 45◦
to the foliation plane (Fig. 1C, “oblique”). In the third orientation,
the sample core is parallel to the foliation plane (Fig. 1C, “parallel”).
Samples were encased in a nickel capsule with a small amount
of NiO powder added at the top of the capsule to buffer oxygen
fugacity within the stability ﬁeld of olivine (Nitsan, 1974). Prior to
the experiment, samples were dried in a vacuum oven for a minimum of 24 h at 120 ◦ C to evaporate any adsorbed surface water.
For high pressure and temperature experiments in the Griggs apparatus, soft-ﬁred pyrophyllite, porous MgO, and barium carbonate,
were used to form the conﬁning pressure medium. This assembly
is employed for its stability at high temperatures, allowing us to
achieve maximal strains at strain-rates consistent with deformation by the dislocation creep mechanism. However, this pressure
medium imposes substantial friction on the sigma-1 piston, limiting the utility of the mechanical data collected by the load cell. For
each experiment, the sample was pressurized and heated slowly,
over a period of 12 hours, in order to minimize premature deformation of the sample. When the target temperature and pressure
was achieved, deformation was initiated at a constant strain-rate.
A hit-point was observed in the load–displacement record after
a run-in of ∼4 mm. Samples quenched at the hit-point conﬁrm
some pre-hit strain (ε ∼ 0.2), but with relatively little recrystallization or modiﬁcation of the microstructure. Experimental conditions
and data are summarized in Table 1.
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mantle ﬂow, such as mid-ocean ridges and mantle wedges of
subduction zones, the kinematics and the conditions of deformation change rapidly over short length scales (Di Leo et al., 2014;
Li et al., 2014). Yet in spite of its importance to the interpretation
of seismic anisotropy, the effect of deformation history on subsequent texture evolution is poorly understood.
To explore the inﬂuence of deformation history on texture evolution in olivine, we have conducted high pressure/temperature
laboratory deformation experiments on dunite with a pre-existing
CPO. Experiments were conducted in three different conﬁgurations, to simulate three deformation histories. These experiments
demonstrate that the accumulation of CPO depends strongly on the
initial orientation of the pre-existing CPO, with respect to the geometry of deformation.
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Fig. 1. (A) Microstructure of undeformed Åheim dunite in cross-polarized transmitted light. (B) Pole ﬁgures of olivine’s pre-existing crystal-preferred orientation (CPO). Olivine
exhibits a point maximum of [010] axes, perpendicular to the foliation plane, and well-developed girdles of the [100] and [001] crystal axes parallel to the foliation plane. n is
the number of unique grains in the dataset. Color contours are multiples of uniform distribution (MUD), which ranges from zero (blue) to ﬁve (red). (C) Three experimental
conﬁgurations described in this study, with the pre-existing foliation (brown lines) perpendicular, oblique, and parallel to the direction of shortening (thick black arrows).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

2.2. Microstructural and chemical analysis
Following each experiment, the sample was removed from the
pressure medium and a 30 μm thick petrographic thin section
was prepared parallel to the axis of compression and perpendicular to the initial foliation. The normal to the thin section plane,
for samples in oblique and parallel geometries, is oriented parallel
to the strike of the pre-existing foliation. Thin-sections were polished using progressively ﬁne SiC and diamond abrasives. A ﬁnal
chemical–mechanical polish in colloidal silica was used to prepare
the thin section for electron microscopy. CPO were measured using
a JEOL 7001-FLV SEM system with an Oxford Instruments Electron
Backscatter Diffraction (EBSD) detector. The SEM was run in a low
vacuum mode to prevent charging of the sample surface. Analyses
were performed at an acceleration voltage of 20 keV and a beam
current of 18 nA. The stage was tilted at 70◦ to the electron beam
with working distance of 23–25 mm. All samples were analyzed by
rastering the beam across the sample in 5 μm steps. The area analyzed by EBSD with a 5 μm step size ranged from 4 to 10 mm2 .
An equivalent area in the starting material contains 50–150 unique
grains. EBSD mapping produced data sets with 500–3000 unique
recrystallized grains. Although these datasets are small for quantitative texture study (Skemer et al., 2005), we are limited by the
relatively small ratio of the experimental sample size to the initial grain size. Data were analyzed using the Oxford Instruments
Channel 5 software package. Numerical smoothing was used to
ﬁll un-indexed points when a minimum of ﬁve adjacent pixels
was found to have a common orientation. Two additional corrections for the indexed data were performed: (1) We apply a correction for olivine mis-indexing due to olivine pseudo-symmetry
(e.g., Fliervoet et al., 1999). (2) Using an underlying band contrast image, large individual grains with a few separated numerical
domains of a common orientation were manually interpolated to
produce a single grain. Comparisons of smoothed and unmodiﬁed data were used to ensure that no artifacts resulted from the

smoothing procedure. Individual grains were identiﬁed based on
continuous domains with consistent orientations. Pole ﬁgures were
plotted using one data point per grain. In recrystallized materials
with narrow grain-size distributions, one point per grain analyses
are effectively equivalent to volume weighted analyses. Except at
the lowest strains, the experimental samples are almost completely
recrystallized, so there is little bias imposed by the one point per
grain method. Grains with less than four contiguous pixels of constant orientation points were excluded from the data set in order
to avoid skewing results with spurious data.
Several scalar elements of texture are calculated, including
strength, symmetry, and orientation, to quantify how different aspects of texture evolve during these experiments. Texture strength
was calculated using the M-index (Skemer et al., 2005). The
M-index is scaled such that a random CPO has M = 0 and a single crystal has M = 1. Texture symmetry was quantiﬁed by the
three eigenvalues of each pole ﬁgure (using the Unicef Careware
software, Mainprice, 1990) according to the following relations
(Vollmer, 1990):

P = λ1 − λ2

(1)

G = 2(λ2 − λ3 )

(2)

R = 3 λ3

(3)

where P represents the strength of the pole ﬁgure’s point maxima,
G represents the degree to which the pole ﬁgure exhibits a girdled
texture, and R is the random element of texture. Eigenvalues are
ranked such that λ1 ≥ λ2 ≥ λ3 and λ1 + λ2 + λ3 = P + G + R = 1.
Finally, the orientations of crystal axes with respect to the kinematics of deformation were measured. The orientation of a point
maximum in a particular pole ﬁgure was determined by the position of the greatest density of points. Error bars were set by the
full width of the point maxima at half of the maximum amplitude.
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Fig. 2. EBSD maps of (A) undeformed Åheim dunite, and recrystallized grains of samples deformed in (B) perpendicular, (C) oblique, and (D) parallel conﬁgurations. Maps
are generated with one-micron resolution. Strain is denoted by ε . The undeformed dunite grain-size is about a magnitude of order larger than the recrystallized grain-sizes.
Coloration shows the orientation of grains relative to the axis of shortening ( Z -direction). The predominant green color reﬂects the large number of grains that are oriented
with [010] parallel to Z . Grain boundaries, shown by black lines, are crystallographic interfaces with a misorientation of >10◦ . Subgrain boundaries with misorientation of
2–10◦ are shown as thin yellow lines. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Although experiments were conducted under nominally dry
conditions, water content was measured using Fourier transform
infrared spectroscopy (FTIR) on double polished thick sections
(30–175 μm thick). FTIR was performed using a Digital Excalibur
3000 spectrometer, UMA-600 microscope, and a KBr beam-splitter.
Unpolarized IR absorption spectra was recorded for 8–10 arbitrarily oriented crystals for undeformed Åheim dunite and from six
deformed samples with a range of strains and experiment durations. Water concentrations were determined using the Paterson
(1982) calibration, adjusted by a factor of 3 to agree with the updated calibration of Bell et al. (2003).
3. Results
EBSD maps of undeformed Åheim dunite and recrystallized
grains in samples deformed in perpendicular, oblique, and parallel conﬁgurations are shown in Fig. 2. Grain-sizes, calculated using
the line intercept method with a stereological correction factor of
1.5 (Mendelson, 1969) are 350 ± 70 μm for the undeformed sample
and 30 ± 20 μm for the recrystallized grains in deformed samples.
Most of the samples deformed to high strains are recrystallized
and the grain size appears to reach a steady state that is assumed
to be controlled by the stress applied during deformation.
Water concentration measurements conﬁrm that the initial water content in the olivine starting material (4000 ± 2000 ppm H/Si)
was reduced to below the detection limit for the FTIR spectrometer
(<150 ppm H/Si) in all deformed samples analyzed. These results
suggest that any water present in the olivine or produced by dehydration of the chlorite diffused out of the samples during the
initial heating and pre-hit annealing stages (8–12 hrs). This is con-

sistent with the diffusion rate of hydrogen in olivine (Mackwell
and Kohlstedt, 1990), which at these conditions predicts a time
scale for water loss on the order of ∼1–2 hrs. Therefore, the samples were deformed at conditions considered to be effectively dry.
CPO data for 15 experiments in three conﬁgurations illustrate
the effect of deformation history on the texture evolution. Fig. 3
shows the pole ﬁgures for each series of experiments, arranged
from the lowest to the highest strains. The ﬁrst row of the ﬁgure
shows the initial CPO of the Åheim dunite in each of its conﬁgurations. Each series of experiments evolves differently. Samples
deformed in the perpendicular conﬁguration (Fig. 3A) develop a
[010] point maximum that is parallel to the axis of shortening.
An axi-symmetric girdle develops in the [100] and [001] pole ﬁgures, which is similar in orientation to the starting material. There
is no rotation of the CPO as a function of strain. Samples deformed
in the oblique conﬁguration (Fig. 3B) exhibit progressive rotation
of [010] point maxima from an initial orientation perpendicular
to the foliation towards the axis of shortening ( Z ). There is also
an associated rotation of [100] and [001] girdles towards the radial
( X –Y ) plane. Within this girdle, a secondary [100] point maximum
develops parallel to the initial strike of the foliation, which can be
seen in the Y -direction of the pole ﬁgure. At the largest strains,
the CPO of the samples in the perpendicular and oblique conﬁgurations are similar. Samples deformed in the parallel conﬁguration
(Fig. 3C) exhibit a dispersed CPO, with the [010] point maximum
becoming progressively distributed in a girdle perpendicular to the
radial plane and parallel to the shortening axis. Even at the largest
strains, samples deformed in the parallel conﬁguration do not approach the same CPO pattern achieved in the perpendicular and
oblique conﬁgurations.
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Fig. 3. Upper hemisphere pole ﬁgures showing the CPO evolution with strain for perpendicular (A), oblique (B), and parallel experiments (C). The thick horizontal line is the
( X –Y ) plane. Z is the shortening axis. The dashed line shows schematically the initial orientation of the foliation in the starting material. The ﬁrst pole ﬁgure in each column
represents the initial texture, which differs only by its initial orientation relative to the kinematics of deformation. Strain (ε ) increases from top to bottom. n is the number
of unique grains in the dataset. Color contours are multiples of uniform distribution (MUD).

Fig. 4A shows the evolution of CPO strength as a function of
strain for the samples deformed in perpendicular (red circles),
oblique (orange triangles), and parallel (yellow squares) conﬁgurations. CPO strength does not stabilize at a ﬁnite value over the
range of strains achieved in the experiments. Moreover, for each
of the three sets of experiments the strength of the CPO evolves
differently. Samples deformed in the perpendicular conﬁguration
undergo an initial decrease, followed by a slight increase in CPO
strength. CPO at the largest strain (M = 0.11) is marginally lower
than the strength of the CPO of the starting material (M = 0.13).
Samples deformed in the oblique conﬁguration also exhibit an initial drop in CPO strength, which subsequently increases with strain
to a maximum value of M = 0.16. Samples deformed in the parallel geometry show a weaker texture strength (M = 0.06), which is
largely unchanged with increasing strain.
Figs. 4B and 4C show the average value of the girdles in the
[100] and [001] pole ﬁgures

G avg = 0.5(G [100] + G [001] )

(4)

and the evolution of P [010] , respectively. For the samples deformed
in perpendicular conﬁgurations, G avg initially decreases from 0.38
to 0.26 and subsequently increases from 0.26 to 0.39 at higher
strains. P [010] increases slightly with strain from 0.35 to 0.43,
reﬂecting the strengthening CPO. For the samples deformed in
oblique conﬁgurations, G avg decreases slightly with strain from
0.34 to 0.28 while P [010] increases slightly from 0.39 to 0.46. For
the samples deformed in parallel conﬁgurations, G avg has low initial value of 0.19 that decreases with strain to 0.10. P [010] has low

initial value of 0.22, that decreases with strain to 0.05. Fig. 4D
shows the evolution of P [100] with strain. Strength of P [100] increases from 0.01 in the undeformed sample to 0.2 in the most
deformed sample.
Fig. 3E illustrates the rotation of the [010] axes with progressive
strain. Θ is deﬁned as the angle between the densest concentration of [010] axes and the shortening direction (Fig. 3E). For
samples deformed in perpendicular conﬁguration, the newly imposed deformation plane is parallel to the pre-existing foliation
plane, thus, no rotation is expected or observed. For samples deformed in the oblique conﬁguration, the orientation of the [010]
point maximum rotates progressively towards the shortening axis.
The rotation initially follows the trajectory of an object passively
rotated during coaxial deformation (broken line, Fig. 4E) (Ramsay,
1967). At the highest strain the [010] axes are nearly parallel to
the shortening direction, and the sample diverges from the passive
rotation trajectory. For samples deformed in parallel conﬁguration,
the [010] point maximum disperses with strain, exhibiting a very
weak point maximum. Consequently, the estimated uncertainty in
Θ is large.
4. Discussion
The CPO of olivine affects many geophysical processes and represents an important cornerstone of our interpretation of deformation within Earth’s mantle. Due to olivine’s intrinsic rheological
anisotropy, there is a strong relationship between the strength of
the deformation induced CPO and the instantaneous shear strength
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of an olivine aggregate (Hansen et al., 2012; Tommasi et al., 2009).
Therefore, it is clear that steady-state CPO is required to attain
steady-state rheology. Similarly, interpreting seismic anisotropy in
terms of mantle ﬂow requires knowledge of whether or not CPO
been aligned with the instantaneous deformation ﬁeld. Hence, it is
important to assess the rate at which olivine CPO evolves, and the
conditions under which olivine CPO achieves steady state.
4.1. CPO development in samples with initially weak textures
Previous experimental studies have explored the initial formation and evolution of CPO in both pure shear (Nicolas et al., 1973)
and simple shear (Bystricky et al., 2000; Hansen et al., 2014;
Zhang and Karato, 1995) on materials with initially weak CPO.
Nicolas et al. (1973) provide the ﬁrst systematic data on CPO
development in olivine, through a series of triaxial deformation
experiments that generated an axi-symmetric CPO. Zhang and
Karato (1995) followed with the ﬁrst experiments in a simple
shear geometry, which generated the expected orthorhombic CPOs
often observed in nature (e.g. Ben Ismaïl and Mainprice, 1998;
Nicolas and Christensen, 1987). Subsequent experiments in torsion
(Bystricky et al., 2000) provided additional data at shear strains
of up to γ = 5. Zhang and Karato (1995) show that olivine [100]
axes rotate towards the shear direction at relatively small strains
(γ = 1) and are generally assumed to be stable at that point
(Bystricky et al., 2000). These observations support the paradigm,
widely used in interpreting seismic anisotropy, that olivine CPO
evolves relatively quickly, and reaches a stable conﬁguration at low
strains (e.g. Skemer et al., 2012). However, in each of these sets of
experiments, fabric strength continues to increase with progressive
strain, indicating that true steady state was not achieved. Hansen
et al. (2014), building on these experiments, performed torsion
tests on olivine up to strains of γ = 20. These authors interpret
their results to show that other elements of texture, including the
strength and symmetry of the CPO, continue to evolve up to shear
strains of γ = 10, and suggest that larger strains may be required
to reach steady state.
4.2. CPO development in samples with initially strong textures

Fig. 4. Three elements of sample texture: strength (A), symmetry (B–D), and orientation (E), as a function of strain. Samples deformed in perpendicular, oblique,
and parallel conﬁgurations are shown by red circles, orange triangles and yellow squares, respectively. The blue circle shows the texture of undeformed Åheim
dunite. Data shown are based on one point-per grain analyses, to highlight the
texture evolution of the recrystallized grains. (A) Texture strength quantiﬁed using the M-index technique (Skemer et al., 2005). A representative error bar (±0.02)
is shown in the lower right. The strength increases in the samples deformed with
perpendicular and oblique geometries. The strength of samples deformed in parallel
geometry decreases with strain. (B–D) Texture symmetry described by an average
of G [100] and G [001] (B), P [010], (C), and P [100] (D) (G – girdle, P – point, see text
for details). (E) Texture rotation is described by the angle Θ , which is the angle between [010] and the shortening axis. The broken red line shows the orientation of
a passively rotating 45◦ plane in pure shear (Ramsay, 1967, p. 67). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

Most experimental studies on the evolution of olivine CPO have
focused on synthetic starting materials with initially weak or random CPO. However, laboratory experiments (Skemer et al., 2011;
Wendt et al., 1998) and geologic studies of shear zone evolution (Michibayashi and Mainprice, 2004; Skemer et al., 2010;
Warren et al., 2008; Webber et al., 2010) have demonstrated that
pre-existing texture may alter the rate at which CPO evolves.
In this study, olivine with a pre-existing CPO is deformed in
an axially symmetric geometry, under conditions that favor the
activity of the [100](010) slip system. Three different sample orientations are used to simulate three different deformation histories. At these deformation conditions the CPO that is expected
to form is axi-symmetric, with a [010] point maximum parallel
to the shortening axis (towards the Z axis) and [100] and [001]
girdles in the radial plane (i.e., X –Y plane) (Karato et al., 2008;
Nicolas et al., 1973). To determine whether steady state CPO is
achieved in our experiments we analyze a number of metrics that
quantify the strength, symmetry, and orientation of texture. Our
assertion is that for texture to reach steady state, three things are
required: (1) The strength of the CPO must approach a steady
state value. (2) The symmetry elements (point, girdle, and random) for all pole ﬁgures must approach steady values. (3) The
alignment of the CPO with respect to the deformation geometry
must cease to rotate with progressive strain. Microstructural observation and texture quantiﬁcation reveal that the microstructure
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Fig. 5. Upper hemisphere pole ﬁgures (same orientation as Fig. 3) showing seismic anisotropy calculated by weighted area for the undeformed sample, and highly deformed
samples with perpendicular, oblique and parallel conﬁgurations using elastic constants from (Abramson et al., 1997). The left column shows the P-wave velocity (Vp) in
units of [km/s]. The middle column shows the percent difference between the fast and slow S-wave velocities (AVs = 200 ( V max –V min )/( V max + V min )). The direction of
maximum/minimum velocities is denoted by black box and white circle respectively. The right column shows the orientation of the fastest S-wave (Vs1) with respect to
deformation plane. Colors in the right column are contours of AVs, identical to the middle column of pole ﬁgures. The undeformed and perpendicular conﬁguration samples
exhibit anisotropy similar to an A-type fabric, while the oblique and parallel conﬁguration samples are more similar to a B-type fabric (Mainprice, 2007).

did not reach a steady state for any of the three samples conﬁgurations. Pole ﬁgures (Fig. 3) illustrate the differences in CPO
development between samples deformed in the three different geometries. Samples deformed in the perpendicular geometry show a
relatively well-developed texture, which we interpret to be due to
the similarity between the initial texture and the predicted steadystate texture. Samples deformed in the oblique geometry appear to
show a texture that is similar to the predicted steady state texture,
but also exhibit a pronounced orthorhombic symmetry at high
strain. Samples deformed in parallel geometry do not exhibit a texture that resembles the predicted CPO, even at the highest strains.
Considered together, all three deformation geometries show features of transient CPO evolution, but do not converge towards a
steady-state texture.
4.3. Development of an apparent B-type fabric
The highest strain samples from the oblique and parallel conﬁgurations exhibit a quasi-orthorhombic CPO with point maxima,
rather than the predicted girdles, in the radial plane. This is particularly evident in experiments with oblique conﬁgurations, in which
the initial foliation is 45◦ from the axis of compression. In these
pole ﬁgures (Fig. 3B) there is a clear [100] point maximum parallel to Y (the direction in the radial plane that is parallel to the
initial strike of the foliation), and a complementary [001] point
maximum parallel to X (the direction in the radial plane perpendicular to the initial strike of the foliation). P [100] is also observed
to increase with progressive strain (Fig. 4D). The symmetry of this
CPO is unexpected. Theoretical treatments of CPO evolution pre-

dict that deformation with axisymmetric kinematics should generate a texture that is also axially symmetric (Ribe and Yu, 1991;
Wenk et al., 1991). Triaxial deformation experiments conﬁrm this
prediction (e.g. Nicolas et al., 1973). Lower symmetry is expected
when there is a signiﬁcant component of simple shear (Wenk and
Tomé, 1999), however there is no shape change that would indicate this occurred in our experiments.
The orientation of [100] axes could lead to the interpretation
that the CPO generated in these experiments is “B-type” (Jung and
Karato, 2001), which has been widely cited as a plausible explanation for trench-parallel shear wave splitting (e.g. Long and Silver,
2009). Strictly, the B-type CPO is generated by the predominant
activity of the [001](010) slip system. However at these deformation conditions, the [100](010) and associated A-type CPO are
favored.
We interpret the CPO of samples deformed in oblique and parallel geometries as an ‘apparent B-type’ fabric that is a consequence of the pre-existing texture. In oblique and parallel conﬁgurations, some fraction of the grains in the starting material have
[100] axes that are located initially in the radial plane. By definition, these [100] axes are parallel to the strike of the initial
foliation, and therefore parallel to the Y -axis of our deformation
geometry. This subset of grains is already at or near its steady
state orientation and although their Schmidt factor is low these
grains do not require signiﬁcant rotational deformation to reach
the radial plane. Other grains, whose [100] axes are initially distributed elsewhere in the girdle and therefore not located in the
radial plane, require larger strains to adopt the predicted steadystate CPO. Hence, we conclude that this apparent B-type CPO is not
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Fig. 6. Anisotropy of seismic wave velocities Vp and Vs in %, calculated by weighted area for samples in three different conﬁgurations. Samples deformed in perpendicular,
oblique, and parallel geometries are shown by red circles, orange triangles and yellow squares, respectively. Blue circles show the anisotropic properties of the starting
material. (A) and (C) show the seismic wave velocities Vp and AVs, respectively, calculated using all the data, which includes a small number of relict grains. (B) and (D) show
the calculated seismic velocities using grains with diameter smaller than 50 μm representing only the recrystallized grains (neoblasts). Within the set of neoblasts, anisotropy
increases with strain for all three samples conﬁgurations. Neither Vp nor AVs anisotropy reaches a plateau indicating that steady state was not achieved. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

a steady-state texture, but instead represents a transient stage in
the evolution towards axially symmetric texture. Due to the limited
maximum strain of a triaxial deformation experiment, it is unclear
how much additional strain would be required to fully obscure the
pre-existing texture.
4.4. Seismic anisotropy
The results of this study emphasize the important role of deformation history on texture evolution, and highlight the impact of
transient CPO on the interpretation of seismic anisotropy (Skemer
et al., 2012). Fig. 5 shows the predicted anisotropic signature of the
undeformed sample and samples with the highest strains from experiments in the perpendicular, oblique and parallel conﬁgurations.
EBSD data used in this calculation are weighted by grain area, so a
few larger relict grains can have a proportionately large inﬂuence
on the results. It is clear that the samples deformed in each conﬁguration exhibit distinct seismic properties, both in terms of the
magnitude and orientation of the anisotropy. As with the CPO, seismic anisotropy did not achieve steady-state in our experiments,
but rather continued to evolve throughout the full range of strains
achieved here (Fig. 6). The long transient stage of texture evolution could readily generate shear wave splitting signatures that do
not represent the present day mantle ﬂow direction. Similarly, the
transient reorganization of CPO could produce an apparently weak
CPO that would manifest itself as weak anisotropy.
Mantle ﬂow around subduction-zones, as an example, is complicated by large temperature and compositional gradients, horizontal and sub-vertical ﬂow in the direction of convergence, and
trench parallel ﬂow, particularly near slab edges (Blackman and
Kendall, 2002; Faccenda and Capitanio, 2012; Jadamec and Billen,
2012; McKenzie, 1979). The complexity of this environment has
presented a challenge to the interpretation of seismic anisotropy
(Long and Becker, 2010). Many of the features of plate boundary
seismic anisotropy have been attributed to the effects of pressure
(Jung et al., 2009), water content (Katayama and Karato, 2006;

Long and Becker, 2010), asthenospheric entrainment by the subducted slab (Song and Kawakatsu, 2012), or 3-D ﬂow patterns
(Faccenda and Capitanio, 2012; Long and Silver, 2008). Based on
our experimental results, other observations from naturally deformed rocks (Michibayashi and Mainprice, 2004; Skemer et al.,
2012; Warren et al., 2008; Webber et al., 2010), and data from numerical simulations (Castelnau et al., 2009; Di Leo et al., 2014) it is
increasingly evident that deformation history must also be a factor
in the interpretation of seismic anisotropy.
5. Conclusions
Experiments performed on natural Åheim dunite with preexisting texture were deformed to strains up to 0.7. Using three
different pre-existing texture orientations we show that deformation history of olivine aggregates greatly inﬂuence the way texture evolves with strain. Based on quantiﬁcation of pole ﬁgures
in terms of texture strength, symmetry, and alignment, we assert that the texture in all three experimental conﬁgurations did
not reach a steady state. Rapid changes in mantle ﬂow direction
may be associated with long transient stages in which texture
evolves slowly towards a steady state. It is concluded that any interpretation of seismic anisotropy in terms of mantle ﬂow must
consider the integrated deformation history of the region of interest.
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