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Abstract Relating seismic anisotropy to mantle flow requires detailed understanding of the develop-
ment and evolution of olivine crystallographic preferred orientation (CPO). Recent experimental and field
studies have shown that olivine CPO evolution depends strongly on the integrated deformation history,
which may lead to differences in how the corresponding seismic anisotropy should be interpreted. In this
study, two widely used numerical models for CPO evolution—D-Rex and VPSC—are evaluated to further
examine the effect of deformation history on olivine texture and seismic anisotropy. Building on previous
experimental work, models are initiated with several different CPOs to simulate unique deformation histor-
ies. Significantly, models initiated with a preexisting CPO evolve differently than the CPOs generated with-
out preexisting texture. Moreover, the CPO in each model evolves differently as a function of strain.
Numerical simulations are compared to laboratory experiments by Boneh and Skemer (2014). In general,
the D-Rex and VPSC models are able to reproduce the experimentally observed CPOs, although the models
significantly over-estimate the strength of the CPO and in some instances produce different CPO from what
is observed experimentally. Based on comparison with experiments, recommended parameters for D-Rex
are: M* 5 10, k* 5 5, and v 5 0.3, and for VPSC: a 5 10–100. Numerical modeling confirms that CPO evolu-
tion in olivine is highly sensitive to the details of the initial CPO, even at strains greater than 2. These obser-
vations imply that there is a long transient interval of CPO realignment which must be considered carefully
in the modeling or interpretation of seismic anisotropy in complex tectonic settings.

1. Introduction

Patterns of flow in Earth’s interior provide insight into the convective forces that drive plate motions. How-
ever, flow patterns are difficult to determine uniquely as Earth’s interior is largely invisible to direct observa-
tion. Geophysical data, such as the velocity and anisotropy of seismic waves, represent our primary window
into the internal structure of the planet. In the upper mantle, anisotropy of seismic wave velocities is caused
mainly by the preferential alignment of seismically anisotropic grains in polycrystalline rock—often called
crystallographic preferred orientation (CPO). CPO develops through the activity of specific deformation
mechanisms, which cause individual crystal lattices to rotate into favored orientations with respect to the
kinematics of flow [Ave Lallemant, 1975; Nicolas and Christensen, 1987].

Models of CPO evolution provide tools to both predict and interpret seismic anisotropy. This can be imple-
mented in a forward manner by coupling geodynamic flow simulations or physical models to a numerical
or conceptual model for CPO evolution, leading to predictions for seismic anisotropy in a given setting
[Blackman et al., 1996; Chastel et al., 1993; Conrad et al., 2007; Druken et al., 2011, 2013; Faccenda and Capita-
nio, 2012, 2013; Paczkowski et al., 2014; Tommasi, 1998]. CPO modeling can also be applied in an inverse
way to relate seismological observations to the kinematics of mantle flow [Alpert et al., 2013; Becker et al.,
2006b].

To interpret seismic anisotropy in terms of mantle flow it is typically assumed that CPO is near steady state,
which means that the current CPO reflects the macroscopic deformation kinematics of the region sampled
by the seismic waves. This assumption implies that the rate of CPO evolution along a particular flowline is
significantly smaller than the rate of deformation evolution, as quantified by the Grain-Orientation-Lag
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(GOL) parameter introduced by Kaminski and Ribe [2002]. Boneh and Skemer [2014] proposed an additional
set of empirical criteria for determining whether steady state CPO has been achieved. Texture can be con-
sidered in steady state if the strength, symmetry, and orientation of the crystallographic orientation pat-
terns do not change with progressive strain. Using similar criteria, recent experiments on polycrystalline
olivine show that very large strains are necessary (up to a shear strain of 10) in order to achieve textural
steady state [Hansen et al., 2014]. Experiments and field observations have also demonstrated that preexist-
ing textures introduced by complex deformation histories significantly modify the rate and patterns of sub-
sequent CPO evolution [Boneh and Skemer, 2014; Skemer et al., 2010, 2011; Warren et al., 2008; Webber et al.,
2010]. These studies demonstrate that there is considerable variability in the rate of texture development,
especially in comparison to experiments that do not take into account preexisting texture [Skemer et al.,
2012]. Furthermore, experiments by Hansen et al. [2012] have demonstrated that the shear strength of poly-
crystalline olivine is a function of texture strength, confirming that microstructure and rheology are coupled
up to very large strains [Knoll et al., 2009]. Collectively, these data corroborate inferences from natural shear
zones, which are thought to experience long transient evolution of both microstructure and rheology.

The protracted evolution of olivine CPO suggests that deformation history should have a significant impact
on the interpretation of seismic anisotropy [Kaminski and Ribe, 2002; Skemer et al., 2012]. The viability of the
forward modeling approach is contingent on the capability of numerical models to simulate CPO evolution
with complex deformation history. A wide range of theoretical models using different physical backgrounds
and hypotheses have been proposed to simulate texture evolution, including the viscoplastic self-
consistent approach [Lebensohn and Tom�e, 1993; Tommasi et al., 2000; Wenk et al., 1991], second order vis-
coplastic self-consistent approach [Casta~neda, 2002; Raterron et al., 2014], the kinematic model D-Rex
[Kaminski and Ribe, 2001; Kaminski et al., 2004], and equilibrium-based models [Chastel et al., 1993]. In many
cases, these models have been parameterized through comparison with laboratory experiments, such as
the results of Nicolas et al. [1973] and Zhang and Karato [1995], which describe the formation and evolution
of olivine deformed in uniaxial compression and simple shear, respectively. However, a limitation of these
comparisons is that the starting materials of most of laboratory experiments and corresponding simulations
have a ‘‘random’’ texture, in which there is no significant quantifiable alignment of grains. Indeed, it is chal-
lenging to model CPO evolution with complex deformation histories and kinematics [Blackman and Kendall,
2002; Castelnau et al., 2009], which contributes to the difficulty of interpreting seismic anisotropy near plate
boundaries [e.g., Becker et al., 2014; Blackman, 2007; Castelnau et al., 2009].

In this study we compare numerical models of CPO evolution with recent experimental results that demon-
strate the effect of deformation history on CPO [Boneh and Skemer, 2014]. We employ two widely used
methods for texture development modeling: the viscoplastic self-consistent (VPSC) approach as described
in Tommasi et al. [2000], which is based on the reorientation of crystals through intracrystalline slip and
grain interactions, and the D-Rex approach [Kaminski and Ribe, 2001], which considers intracrystalline slip
and dynamic recrystallization but does not model mechanical interactions between grains. The VPSC
approach has been used to simulate olivine texture in mantle flow, shear zones and lithospheric plate inter-
actions [Bonnin et al., 2012; Di Leo et al., 2014; Li et al., 2014; Tommasi et al., 1999, 2009]. D-Rex is often used
to simulate larger strains, when dynamic recrystallization must be taken into account. D-Rex is also pre-
ferred in larger-scale geodynamic models, due to its relative ease of computation [Becker et al., 2006a; Con-
der and Wiens, 2007; Faccenda and Capitanio, 2012; Hedjazian and Kaminski, 2014; Kaminski and Ribe, 2002].
In contrast to the standard approach of comparing CPO evolution in experiments and models with a ran-
dom set of initial grain orientations, we have initiated our models using the same natural CPO and the
same deformation configurations previously explored experimentally by Boneh and Skemer [2014]. This
approach allows for the direct comparison between experiments and numerical modeling and provides
new insights about the effect of preexisting crystallographic orientation on the texture development.

2. Methods

Both VPSC and D-Rex models are described extensively elsewhere [Kaminski and Ribe, 2001; Kaminski et al.,
2004; Lebensohn and Tom�e, 1993; Tommasi et al., 2000]. Here we will highlight only the main features and
differences between these models. For both models, the rotation of grains is implemented through the
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glide of dislocations along specific crystal slip systems. The models consider the experimentally determined
olivine slip systems and their critical resolved shear stress (CRSS); deformation follows the viscoplastic law:

_cs 5 _c0 ss
r=s

s
0

� �n
(1)

_cs is the slip system strain-rate, _c0 is the reference strain-rate, ss
r is the resolved shear stress (a function of

the Schmidt factor—the orientation of the slip system with respect to the imposed stress), ss
0 is the critical

resolved stress, and n is the stress exponent.

2.1. D-Rex Model
Modeling texture through the kinematic approach of D-Rex assumes crystal reorientation through the local
velocity gradient:

dij5 Gijm – eijk wk (2)

where Gij is the Schmidt factor, which relates the crystal and imposed stress orientations, m is the slip rate
on the softest slip system for a given grain, Eijk is the macroscopic (aggregate) strain rate, and x is the rota-
tion rate. In order to satisfy the strain compatibility a minimization technique is used to minimize the differ-
ence between the single crystal and aggregate strain [Ribe and Yu, 1991]. The residual strain, �10%
[Kaminski and Ribe, 2001], is assumed to be accounted for by processes that do not impose crystal rotation,
such as diffusive mass transfer and/or grain boundary migration [Ribe and Yu, 1991].

D-Rex simulates dynamic recrystallization through two dimensionless parameters that account for grain
boundary migration and grain nucleation (M* and k* respectively). D-Rex also simulates the effects of ‘‘grain
boundary sliding’’ through the dimensionless parameter v [Kaminski et al., 2004]. Grain growth is incorpo-
rated using a parameter for grain-boundary migration:

M�5
AlbM

V
(3)

where A is dimensionless constant, m is the shear modulus, b is Burger vector, M is a dimensionless grain-
boundary mobility, and V is the dislocation velocity.

Grain size reduction through dynamic recrystallization is incorporated into D-Rex using a parameter for the
nucleation of strain-free grains

k�5 ln aVð Þ
q0

q

� �
(4)

where k* is dimensionless nucleation parameter, aV is the nonrecrystallized volume fraction of the
crystal, and q0 and q are a reference dislocation density and the crystal’s dislocation density, respec-
tively, the ratio of which acts as the driving force for nucleation. The two parameters, M* and k*,
account for competing processes. M* is responsible for the migration of grain boundaries, which
cause highly strained crystals (‘‘soft’’ grains) to be invaded by weakly strained crystals (‘‘hard’’ grains)
increasing the number of grains in hard orientations. k* accounts for the nucleation of new grains,
which cause the highly strained soft grains to nucleate new grains with zero strain in the same ori-
entation. Due to their low stain energy, these grains then grow by grain boundary migration, increas-
ing the volume fraction of grains in soft orientations. One effect of grain size reduction by
nucleation of new small grains is that these grains may accommodate strain by mechanisms that do
not invoke crystallographic rotation (diffusion creep and/or grain boundary sliding). This effect is rep-
resented by parameter v, which disables the rotation of grains below a specific grain volume fraction
threshold [Kaminski et al., 2004].

2.2. VPSC Model
In the VPSC approach, each grain’s strain and stress is considered in terms of the bulk aggregate strain and
stress by using the ‘‘one site’’ grain interaction simplification which simulates interaction of each grain with
a surrounding homogeneous equivalent medium (HEM) [Eshelby, 1957]:

_�ij – _Eij 5 – aMijkl skl – Rklð Þ (5)
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Where _�ij is the grain strain-rate, _Eij is the average strain-rate of the aggregate, a is parameter that describes
grain interaction with its surroundings, Mijkl is the interaction tensor that includes grain rheology and shape,
skl is the grain deviatoric stress, and Rkl is the average stress of the aggregate. Through this approach,
microscopic stress and strain rates may vary significantly with respect to the averaged (macroscopic) values.
The grain interaction parameter, a, represents the grain response and ranges between the upper bound, in
which a is equal to zero and homogeneous strain is assumed [Taylor, 1938], and the lower bound, in which
a approaches infinity, and homogeneous stress is assumed [Sachs, 1928]. Limitations of the VPSC compared
to full-field models (models that include aggregate microstructure) have been shown, in particular, the
effect of secondary slip systems [Castelnau et al., 2008; Castelnau et al., 2010; Detrez et al., 2015] and the
overestimation of texture strength [Castelnau et al., 2006].

2.3. Differences Between VPSC and D-Rex
The fundamental difference between VPSC and D-Rex is that the former is physics-based (mean-field)
model while the latter is an ad hoc (far-field) model. In VPSC interaction between grains are considered
via the HEM assumption while stress compatibility is maintained, which allows a meaningful representa-
tion of the relative activity of different slip system [Tommasi et al., 2000]. The formulation of the VPSC
approach in the present study does not include processes like dynamic recrystallization or relaxation proc-
esses like dislocation climb and grain boundary sliding, although this has been implemented recently by
Signorelli and Tommasi [2015]. In contrast, D-Rex includes ad hoc parameters that are intended to simulate
microphysical processes in addition to deformation: dynamic recrystallization and grain boundary sliding.
In addition, the calculation of intracrystalline deformation in D-Rex is analytical. Hence the code requires
fewer computations, which allows it to be easily coupled to larger geodynamic models.

2.4. Model Starting Conditions
Both VPSC and D-Rex models are initiated using input textures composed of 1000 grain orientations. In
some tests, simulations are initiated using random crystal orientations. In most of the present study how-
ever, we use the CPO of a natural dunite from Åheim, Norway as the starting texture. This is the CPO of the
same rock specimen that we used as the starting material for the experiments of Boneh and Skemer [2014]
and has been widely used in other rock mechanics studies [Chopra and Paterson, 1981, 1984; Jackson et al.,
1992; Keefner et al., 2011; Van der Wal et al., 1993; Wendt et al., 1998]. The texture of the Åheim dunite was
measured by Electron Backscatter Diffraction (EBSD), (for details of microstructural characterization, see
Boneh and Skemer [2014]). The Åheim dunite is foliated and exhibits a strong axial girdle (AG) texture, char-
acterized by the alignment of [010] axes normal to the foliation of this rock, while [100] and [001] are dis-
tributed along single continuous girdles parallel to the foliation (Figure 1a). Such a pattern reflects a history
of nearly uniaxial deformation [Mainprice, 2015; Nicolas et al., 1973; Wenk et al., 1991]. In both the Boneh and
Skemer [2014] experiments and in the models described in this study, the Åheim dunite texture (Figure 1a)
was deformed in three different configurations in which the sample and/or CPO is rotated to angles of 0,
45, and 90 degrees with respect to the shortening axis (Figure 1b).

The stress exponent used in the models (n 5 3.5, Table 1) has been well established by rock deformation
experiments for olivine single crystals in various orientations [Bai et al., 1991; Durham and Goetze, 1977], as
well as for polycrystals [Karato et al., 1986]. To maintain consistency and to facilitate comparison with previ-
ous studies, the relative strength of olivine’s primary slip-systems for VPSC and D-Rex (Table 1) are taken
from Tommasi et al. [2000] and Kaminski and Ribe [2001], respectively. These critical resolved shear stresses
are chosen to represent the most ubiquitous olivine texture (A-type, of Jung and Karato [2001]), which is
dominated by slip on the [100](010) slip system [Ben Isma€ıl and Mainprice, 1998]. The [100](010) slip system
is also inferred to be the dominant slip system in the Boneh and Skemer [2014] experiments. The deforma-
tion geometry is uniaxial compression with the corresponding strain tensor with E115 E3350.5, E225-1 and
Ei6¼j50. The parameters used are a 5 100 for VPSC, and M* 5 10, k* 5 5, v 5 0.3, for D-Rex. Rationale for this
choice of parameters is discussed in section 4.2.

2.5. Quantifying Texture and Anisotropy
Texture is characterized by its strength, its symmetry, and its orientation with respect to the reference frame
of deformation. Texture symmetry and orientation control the orientation of anisotropy detected seismo-
logically. Texture strength influences mainly the magnitude of the anisotropy up to a limit, after which the
magnitude reaches saturation [Hedjazian and Kaminski, 2014].
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In order to evaluate texture evolution with increasing strain we use several quantitative parameters. Texture
strength is quantified using the M-index method, ranging from M 5 0, for a perfect random texture, to
M 5 1, for perfect crystallographic alignment (e.g., a single grain) [Skemer et al., 2005], and the pole figure
strength (pfJ) parameter [e.g., Mainprice et al., 2014] for individual pole figures, which ranges from 1 for a
perfect random texture to infinity for perfect alignment. As [100], [010] and [001] are all two-fold rotation
axes, the results from pfJ can be directly compared.

Texture symmetry is quantified using the parame-
ters Point (P), Girdle (G), and Random (R), which
describe whether the CPO is best represented by a
point maximum (Point), an equal distribution of
points along a plane (Girdle), or a uniformly distrib-
uted texture with no preferred orientation
(Random) [Vollmer, 1990]. These three symmetry
parameters, calculated from eigenvalues of the
orientation tensor [Mainprice et al., 2014], always
sum to 1, and therefore can be plotted in a ternary
diagram [e.g., Falus et al., 2011; Higgie and
Tommasi, 2012; Morales and Tommasi, 2011;

Table 1. Models Input Parameters

Slip System VPSC CRSSa D-Rex CRSSa

(010)[100] 1 1
(001)[100] 1 2
(010)[001] 2 3
(100)[001] 3 6
(021)[100] 6
(110)[001] 6
n (stress exponent)b 3.5 3.5
N (number of grains) 1000 1000

aCRSS––Relative Resolved Shear Stress. The CRSS is relative
to the weakest slip system ((010)[100]).

bthe same stress exponent was used for all slip systems.

Figure 1. (a) Pole figures showing the olivine crystallographic preferred orientation (CPO) of Åheim dunite. The Åheim dunite exhibits a
girdle of orientations in [100] and [001] parallel to the foliation plane. The foliation is also marked as dotted lines in Figure 1b. Contour
intervals are linear and scaled to multiples of uniform distribution, m.u.d. (scale bars on left side of each pole figure). Texture strength
(M-index) and texture symmetry (BA-index) are listed to the right of the pole figures. (b) Three configurations of the Åheim dunite samples
in which the axis of shortening is perpendicular, oblique, or parallel to the dunite initial foliation. On the right are schematic illustrations
of the initial texture for each of the three configurations. Pole figures are in a X-Y-Z reference frame in which the shortening axis is parallel
to the Z direction and the X-Y plane is in the radial plane, perpendicular to the shortening axis.
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Figure 2. Pole figures showing texture from experiments, VPSC, and D-Rex models for the three starting configurations: (a) perpendicular,
(b) oblique, and (c) parallel. Experimental data are taken from high strain experiments of Boneh and Skemer [2014]. Parameters used in
models: for D-Rex: M* 5 10, k* 5 5, v 5 0.3, and for VPSC: a 5 100 (other parameters are shown in Table 1). Scale bar to the right of each
pole figure show the multiples of uniform distribution (m.u.d.). Pole figures projected in equal area and lower hemisphere. Texture
strength of each pole figure (pfJ), the total texture strength (M-index), and the texture symmetry (BA-index) are given.
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Tommasi et al., 2008; Vauchez et al., 2005]. P, G, and R components for specific pole figures are denoted using
subscript notation: (e.g., the girdle component of the [100] pole figure is denoted G[100]). Another way to
quantify a specific coaxial texture is the BA-index, in which a specific point and girdle components are com-
pared to the point and girdle sum so that the dependence of the texture symmetry on the random compo-
nent is minimized:

BA50:5 22
P010

G0101P010

� �
2

G100

G1001P100

� �� �
(6)

The BA-index represents symmetry that includes point maxima in the [010] and girdle in the [100] and is
scaled to range from BA 5 0 to BA 5 1 [Mainprice et al., 2014]. BA 5 0 corresponds to a ‘‘perfect’’ axial girdle
(AG) texture while BA 5 1 would represent the absence of an AG texture.

Pole figures of CPO and seismic velocities were calculated and plotted using D. Mainprice software (Petrophysi-
cal software, Unicef Careware, http://www.gm.univ-montp2.fr/PERSO/mainprice/) [Mainprice, 1990], which
assumes Voigt-Reuss-Hill average and elastic constants for olivine from Abramson et al. [1997] in calculating the
seismic velocities. We also apply a code by Savransky and Kasdin [2012] to convert grains orientations output
from directional cosines [Kaminski and Ribe, 2001, equation (1)] to Euler angles. Pole figures of CPO used for
Movie S1 (supporting information) were generated using MTEX [Bachmann et al., 2010; Mainprice et al., 2011].

3. Results

3.1. CPO Development With Different Starting Textures
In Figure 2, CPOs generated by D-Rex and VPSC models are compared with the experiments of Boneh and
Skemer [2014]. Results are shown for the three initial configuration: perpendicular (Figure 2a), oblique (Fig-
ure 2b), and parallel (Figure 2c). Models are run to the same finite strains achieved experimentally (0.65,
0.68, and 0.62, for the three configurations, respectively).

In the perpendicular configuration (Figure 2a), the experimental texture exhibits a fiber texture (i.e., the
coaxial AG-fabric) with girdles in [100] and [001] and a strong point maxima of [010], which is similar to the
initial texture symmetry (Figure 1a). Both models show significantly stronger texture than the experiments.
For example, the [010] axes in the experimental CPO have a pole figure J-index strength (pfJ) of �2 com-
pared to 5.5 in D-Rex and almost 17 in VPSC.

In the oblique configuration (Figure 2b), the experimental texture shows the [010] point maximum rotated
from its original position toward the shortening direction, and weak [100] and [001] point maxima. Both
models predict a [010] point maximum rotation similar to the experiment, however, there is difference in
the strength of this point maximum ([010] pfJ of 2.27, 4.9 and 11.45 for the experiments, D-Rex, and VPSC,
respectively). In the experiments, D-Rex, and VPSC models, there is a pronounced [100] point maximum
superimposed on a girdle in the axial plane, giving the texture a pseudo-orthorhombic symmetry.

In the parallel configuration, the experimental texture shows a weak [100] girdle along the radial (X-Y)
plane, a [010] girdle along the X-Z plane, and a very weak CPO, i.e., mostly random texture, in the [001]
axis (pfJ of 1.12). Both models predict that the [010] axes are distributed along the X-Z plane with three
distinct point maxima (one in the X direction and two at a symmetric and oblique angle away from the
shortening axis). These three point maxima are more diffuse in D-Rex than in VPSC. For the [100] axis, D-
Rex shows a point maximum parallel to Y with two weaker bands of data oriented in an ‘‘x’’ shape at a
high angle to the radial plane. VPSC shows a stronger point maximum toward Y with ‘‘x’’ shaped bands
forming a girdle subparallel to the radial plane. The ‘‘x’’ shaped features in the model’s CPO agree well
with the experimental observations, although there is a difference in the strength and orientation of the
bands. For the [001] axis, both VPSC and D-Rex have similar textures with two point maxima at the Y and
Z directions. The models predict two point maxima in the [001] axis, parallel to the X and Y axis, but the
experiments show a disperse crystals oriented only toward Y axis (also among other strains in the parallel
configurations, see Boneh and Skemer [2014, Figure 3c]).

3.2. Evolution of Texture Symmetry
D-Rex and VPSC models were run over a range of strains to assess how CPO evolves as a function of strain.
Texture evolution for D-Rex (square symbols) and VPSC (circle symbols) models are shown in Figure 3 using
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Figure 3. Ternary diagram of texture symmetry parameters Point, Girdle and Random, calculated using eigenvalues of the orientation tensor [Vollmer, 1990], for: (a) D-Rex (square sym-
bols), and (b) VPSC (circles symbols). There are total of 22 strain steps: e 5 0.01 and 0.05, and 20 steps in increments of 0.1 (from e 5 0.1 to 2). Three models with preexisting configura-
tions are shown: perpendicular (dark red), oblique (orange), and parallel (yellow), and an initially un-textured case is shown for reference (gray). The stars denote the two starting
conditions: the undeformed Aheim dunite in blue and the untextured scenario in gray. Arrows show the initial trend of symmetry development from the initial texture. The symmetry of
each configuration is shown to evolve differently as a function of strain.
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a ternary diagram with Point, Girdle and Random texture components as end members. For each of olivine’s
three crystallographic axes the symmetry trajectory is shown for the three configurations with preexisting
texture: perpendicular (dark red symbols), oblique (orange symbols), and parallel (yellow symbols), and for
an initially random texture (gray symbols). Each point represents a strain-increment between the initial tex-
tures, with strain of zero, to strain of 2. The first two points represent texture for small finite strains of 0.01
and 0.05, while the next 20 points are equally spaced with strain intervals of 0.1 (between strain of 0.1–2).
The starting point (i.e., strain 5 0) from which texture evolves for the three configurations with preexisting
texture is shown as a blue star. The starting point for the random case, shown as gray star, is defined as hav-
ing symmetry of R 5 1, and P 5 G 5 0.

For models initiated with random texture D-Rex and VPSC produce similar results, which are essentially
identical to the results of Kaminski and Ribe [2001] and Tommasi et al. [2000]. Texture evolves from random
to girdle in [100] and [001], and from random to point in [010], as expected from the experimental results of
Nicolas et al. [1973]. In the D-Rex model, G[100] increases from 0 to 0.91, P[010] increases from 0 to 0.78, while
G[001] increases from 0 to 0.60. In the VPSC model, G[100] increases from 0 to 0.96, P[010] increases from 0 to
0.89, while G[001] increases from 0 to 0.78.

For models initiated with preexisting texture, each of the three pretextured configurations shows different
symmetry evolution and they also evolve differently with respect to the initially un-textured scenario. For
the D-Rex models, G[100] increases from 0.54 to 0.87, 0.64, and 0.71 for perpendicular, oblique and parallel
configuration, respectively, P[010] increases from 0.49 to 0.89, 0.87, and 0.59 for perpendicular, oblique and
parallel configuration, respectively. For the VPSC models G[100] evolves from 0.54 to 0.80, 0.53, and 0.43 for
perpendicular, oblique and parallel configuration, respectively. P[010] increases from 0.49 to 0.99, 0.99, and
0.62 for perpendicular, oblique and parallel configuration, respectively.

D-Rex and VPSC show some notable differences in terms of their prediction of texture evolution. CPOs gen-
erated by the VPSC approach tend to evolve more quickly than CPOs generated by D-Rex. For example, in
D-Rex the [100] axes in perpendicular and oblique configurations reach texture with Random parameter of
R[100]< 0.05 at 1.7 and 1.9 strain, respectively, while in VPSC R[100] requires strains of only 0.4 and 0.7,
respectively. This effect is seen for the perpendicular and oblique configurations in the [001] axis as well.
However, for the [010] axes the two models predict similar texture trajectories. The full set of texture data
used in these calculations can be found in supporting information Tables S1 and S2. In addition, direct qual-
itative comparisons of CPO evolution between the two models can be made using the animation provided
(supporting information Movie S1).

3.3. Texture Strength and Anisotropy
In order to further quantify the evolution of texture we calculate the total texture strength, using the M-
index parameter [Skemer et al., 2005], and the maximum P-wave seismic anisotropy. The calculated texture
strength and the associated seismic anisotropy are plotted as a function of strain (Figure 4). Experimental
data from Boneh and Skemer [2014] are shown as open symbols for comparison. Texture strength in D-Rex
(Figure 4a) for the perpendicular and oblique configurations show a small gradual increase of texture
strength to values of M 5 0.36 and M 5 0.31, respectively (Figure 4a), while the parallel configuration
decreases slightly to a low and relatively constant value of M 5 0.13. Texture strength in VPSC (Figure 4b)
for the perpendicular configuration shows an initial increase of strength up to strain of about 0.75 then a
steady strength value until strain of 2 (M 5 0.45 at E 5 2). For the oblique configuration the strength
increases throughout the strain range (M 5 0.55 at E 5 2). For the parallel configuration strength decreases
initially and starts to increase again when the strain is about 1 (M 5 0.37 at E 5 2). Texture strength of the
initially random case after strain of 2 is slightly higher (D-Rex) or similar (VPSC) to the parallel configuration
strength at the same strain (which is significantly lower than the perpendicular and oblique configurations).
The texture strength in both models is stronger in the perpendicular and oblique configurations than in the
parallel configuration.

In Figures 4c and 4d, the P-wave seismic anisotropy in percentage (AVp 5 200 (Vpmax2Vpmin)/
(Vpmax 1 Vpmin)) is shown with respect to strain for D-Rex and VPSC, respectively. In both models the
trend of increasing seismic anisotropy with strain is similar although the models differ in terms of the mag-
nitude of the anisotropy. Seismic anisotropy in D-Rex for the perpendicular and oblique configurations
show a small gradual increase of texture strength to almost similar values of AVp 5 14.8% and AVp 5 15.5%,
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respectively (Figure 4d), while the parallel configuration initially decreases to AVp 5 4.6% at strain of 0.5
then increases up to AVp 5 13.3% at strain of 2. Seismic anisotropy in VPSC for the perpendicular and
oblique configurations shows a small gradual increase of texture strength to values of AVp 5 15.5% and
AVp 5 18.2%, respectively (Figure 4c), while the parallel configuration the seismic anisotropy stays at about
to AVp 5 8.2% for the strain of 0.5 and increases up to AVp 5 17.4% at strain of 2.

4. Discussion

4.1. Texture Evolution in Uniaxial Deformation Experiments
The interpretation of seismic anisotropy relies on our understanding of the way crystals rotate and align in
a polycrystalline aggregate under externally imposed deformation conditions. Nicolas et al. [1973] were the
first to demonstrate how texture in olivine develops and strengthens as a function of strain in uniaxial com-
pression. In these experiments, a CPO develops in which the [010] axes align parallel to the direction of
compression and the [100] and [001] axes align within the radial plane, perpendicular to the compression
axis. Put in terms of P, G, and R, the Nicolas et al. [1973] experiments predict that olivine in uniaxial compres-
sion should accumulate a strong G[100], P[010], and G[001], with a corresponding decrease in the R component
of all three pole figures. For several decades, these experiments have provided an important basis for mod-
eling and interpreting CPO and anisotropy in mantle rocks [e.g., Karato et al., 2008].

Building on the Nicolas et al. [1973] experiments, Boneh and Skemer [2014] showed the effect of defor-
mation history on texture evolution in uniaxial compression. Unlike the Nicolas et al., 1973 experiments,
which used samples with a weak preexisting CPO, Boneh and Skemer conducted experiments on the
Åheim dunite, which possesses a strong preexisting texture. Experiments were conducted in three differ-
ent configurations to simulate distinct deformation histories. As with the Nicolas et al. experiments,

Figure 4. (a and b) Texture strength and (c and d) P-wave seismic anisotropy (AVp 5 200 (Vpmax2Vpmin)/(Vpmax 1 Vpmin)) plotted as a function of strain. Numerical models are shown
using solid symbols. Experimental data from Boneh and Skemer [2014] are shown as open symbols. Color denotes the configuration of the experiment or model: gray for initial random
texture, dark red, orange, and yellow for perpendicular, oblique and parallel configuration, respectively. Blue star denotes the undeformed Åheim dunite. Texture strength is quantified
using M-index [Skemer et al., 2005]. Seismic anisotropy quantified using the maximum anisotropy of the P-wave velocity, in percent.
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Boneh and Skemer [2014] showed that texture evolves toward a symmetry characterized by strong point
maxima in [010] and girdles in the [100] and [001] pole figures. However, for strains of � 0.6–0.7,
texture evolution is still transient, and is far from the expected steady state, particularly in the oblique
and parallel cases (Figure 2). Moreover, each experimental configuration evolved differently as a function
of strain. Here we demonstrate that numerical models of texture evolution, run using identical starting
conditions, lead to the same conclusions: that deformation history significantly influences the way tex-
ture accumulates with progressive strain (Figures 2–4).

4.2. Comparison Between Numerical Models and Experiments
In general, comparison between numerical models and experiments reveals a similar texture signature but
with significant differences in the CPO strength and the magnitude of the calculated anisotropy (Figures 2
and 4). For the three configurations, models show the development of a [010] point maximum parallel to
the shortening axis, in excellent agreement with the experiments (see further discussion in section 4.4). For
the [100] and [001] axes there are some differences between the two models and the experiments (espe-
cially in the oblique and parallel configurations). For example, in the oblique configuration, D-Rex shows
[100] and [001] point maximum near the X and Y directions, respectively while VPSC shows [100] and [001]
point maximum near the Y and X directions, respectively (Figure 2). In nearly all cases, the VPSC and D-Rex
models overestimate the strength of the CPO, and therefore the magnitude of the seismic anisotropy.

With both the VPSC and the D-Rex models, parameterization is achieved mainly through comparison with
laboratory experiments. The experimental benchmarks for the D-Rex models of Kaminski et al. [2004] and
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Figure 5. Pole figures showing texture from experiments (top row), D-Rex (second through fifth rows), and VPSC (six through ninth rows) for the three starting configurations: (a) perpen-
dicular, (b) oblique, and (c) parallel. Models are shown for a range of parameters: for D-Rex, M* 5 0, 10, 50 or 200, and for VPSC a 5 1, 10, 100, or 1000. Experimental data are taken from
high strain experiments of Boneh and Skemer [2014], and is the same as Figure 2. Scale bar to the right of each pole figure show the multiples of uniform distribution (m.u.d.). Pole figures
projected in equal area and lower hemisphere. Texture strength of each pole figure (pfJ), the total texture strength (M-index) and texture symmetry (BA-index) are given.
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the VPSC models of Tommasi et al. [2000] are the experiments of Zhang and Karato [1995] and Nicolas et al.
[1973]. Both of these studies used olivine aggregates with near-random initial CPO. Hence, models parame-
terized through comparison with these experiments are not optimized to account for the effects of preexist-
ing texture, which should be ubiquitous in the upper mantle. In this study we have explored a range of
model parameter space to determine those that best simulate CPO evolution in more complex geologic
scenarios (Figure 5).

As noted earlier, D-Rex includes three nondimensional parameters that influence model results—M*, k* and
v. We tested a range of values for each parameter (M* 5 0–200, k* 5 0–5, and v 5 0–0.8) and found that the
M* parameter has the most pronounced effect on the resulting texture while k*, and v parameters have a
relatively small influence that becomes negligible when recrystallization and recovery processes are slow
(i.e., at low M* values). Therefore, we use common values for grain nucleation and grain boundary sliding
threshold: k* 5 5 and v 5 0.3 [Kaminski and Ribe, 2001; Kaminski et al., 2004] throughout the present study,
and focus on the effect of parameter M* on texture.

Figure 5 shows model results for M* values of: 0, 10, 50, and 200. Kaminski and Ribe [2001] showed that M*
between 50 and 200 fits textures from past experiments [Nicolas et al., 1973; Zhang and Karato, 1995] with
larger values favored at higher temperatures when grain-boundary migration is more efficient. However,
larger values of M* appear to erase preexisting texture efficiently or generate unexpected textures that are
inconsistent with experimental results. Grain boundary migration (M*) causes each grain to grow or shrink
according to whether its strain energy is higher or lower than the average strain energy [Kaminski and Ribe,
2001, equation (14)]. The rate of new grain nucleation (k*) increases with higher ratio of dislocation density
(equation (4)). Modeling both processes enhances texture evolution: grain nucleation produces a large vol-
ume fraction of strain-free nucleated grains that have the largest growth rate as they have the smallest
strain energy compared to the average strain energy of the aggregate. Because the growth rate is propor-
tional to both the difference in strain energy and the grain boundary mobility (M*), the larger M* the larger
the growth rate of nucleated strain-free grains in soft orientations. For example, in Figure 5a we show CPOs
generated in the perpendicular configuration. Experiments in this configuration produce an AG-type CPO
with axial girdles in the [100] pole figures. However in models for which M* is large (50 and 200) the girdle
is largely obscured by clusters of orientations that fall outside of the axial plane. Likewise, in Figure 5b, we
see for M* 5 50 and 200 an elimination of the preexisting [100] girdle and the development of point max-
ima that are nearly perpendicular to the experimental observation. Based on comparison with the Boneh
and Skemer [2014] experiments we suggest that lower values of M* (i.e., M* 5 10) may be more appropriate
for modeling CPO evolution influenced by preexisting texture. Although not considered here, future efforts
may also benefit from implementation of D-Rex parameters that depend on both deformation mechanism
and deformation history.

Using the VPSC model, we generate CPO pole figures with a values of 1, 10, 100, and 1000 (Figure 5). The a
parameter simulates grains interactions between two end members: when grains experience equal strain
(a 5 0) and when grains experience equal stress (a approaches infinity). The most commonly used values
for a are a 5 1, which is the tangent VPSC model [Lebensohn and Tom�e, 1993; Molinari et al., 1987], and
a 5 10–100, which assumes some relaxed strain compatibility [Tommasi et al., 2000]. In Figure 5, we com-
pare models for a 5 1–1000. We find that a affects mainly the strength of the CPO and has only minor effect
on the symmetry. The best fit with the experimental data is found to be a 5 10–100. In the remainder of
this study we chose to use a 5 100.

4.3. The Role of Dynamic Recrystallization and Secondary Deformation Mechanisms
Dynamic recrystallization by both subgrain rotation and grain boundary migration is expected and
observed in experiments and nature. One of the main differences between the two numerical models is
that D-Rex simulates the effects of dynamic recrystallization by nucleation and growth, while in our version
of the VPSC model dynamic recrystallization is not modeled. Dynamic recrystallization in D-Rex is simulated
by two processes, grain nucleation and grain boundary migration. The activity of these two recrystallization
processes is controlled by the dislocation density. The effect of dynamic recrystallization is to increase the
volume fraction of strain-free newly nucleated grains with a soft orientation relative to the imposed defor-
mation. An example of the effect of dynamic recrystallization on texture can be seen in the [001] axis of the
parallel configuration (Figure 2c). For both models, there are two groups of grains that can be clearly seen
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as different maxima parallel to the Y and the Z axes. The first fraction of grains with [001] parallel to Z axis,
have [100] orientated parallel to Y axis, and [010] parallel to X axis. This set of grains experience minimal
rotation and have stayed approximately at their original orientation. The second fraction of grains with
[001] oriented parallel to Y axis, have [100] oriented in an ‘‘x’’ shape (D-Rex) or along the X-Y plane (VPSC),
and [010] along the X-Z plane. These grains represent the population of grains that experienced significant
reorientation. In D-Rex the two populations of grains represent a similar volume fraction of the aggregate
while in VPSC the first fraction of grains (which represents grains with no rotation) is significantly larger
than the second fraction of grains (which represents rotated grains). The experimental data show a dis-
persed [001] with a maximum around Y axis with no apparent point maxima parallel to the X axis. We inter-
pret this observation to indicate that the pole figures from experiments contain very few grains from the
fraction of relict orientations that experienced minimal rotation. Eliminating the extra [001] point maxima in
D-Rex can be achieved by using a higher value for grain boundary mobility (M*) although that will modify
other aspects of texture and will yield a less ideal fit with the experiments.

A further element of D-Rex is a grain size threshold (v) that simulates the activity of other deformation
mechanisms such as diffusion creep and/or grain boundary sliding (GBS). This is implemented in a way that
disables the rotation of small grains, hence decreasing the rate of evolution of the CPO when grain-size is
reduced. Although the influence of diffusion creep and GBS on CPO evolution is complex [e.g., Wheeler,
2009], several observations have asserted that GBS acts to disperse texture [Skemer and Karato, 2008; War-
ren and Hirth, 2006]. The high CPO strength in D-Rex, compared to experiments (Figure 4a), suggests that
an additional CPO weakening process for simulating GBS or diffusion creep mechanisms may be needed.
Interestingly, although the pervasive recrystallization is observed in the samples from Boneh and Skemer
[2014], the orientation and symmetry of the CPO simulated by VPSC is in good agreement with the experi-
mental CPO (Figure 2). This suggests that under some conditions grain size reduction via dynamic recrystal-
lization causes a general CPO dispersion, weakening the texture but not significantly altering its symmetry
or orientation.

Future versions of texture models may benefit from subroutines that progressively randomize texture when
grain-size is reduced below a certain threshold and indeed there have been a number of recent advances
in the simulation of dynamic recrystallization processes (e.g., the CDRX-VPSC model of Signorelli and Tom-
masi [2015]. Validation of new models will benefit from additional comparisons between existing models,
such as the work by Castelnau et al. [2008], and comparisons with experimental results such as Boneh and
Skemer [2014], applying the more stringent requirement that models must be able to reproduce a full spec-
trum of deformation histories.

4.4. Development of Orthorhombic Textures: Transient or Steady State?
Under uniaxial deformation conditions, steady state CPO should be characterized by radial girdles of [100]
and [001] axes and a point maximum in the [010] axis [Nicolas et al., 1973; Wenk et al., 1991]. Girdles are
expected in the [100] and [001] pole figures because under these imposed deformation conditions there is
no preferred kinematic direction in the X-Y plane. Interestingly, Boneh and Skemer [2014] observed the
development of an unexpected asymmetry in this texture: a point maximum in the [100] axis along the Y
axis (parallel to the strike of the foliation in the sample reference frame). In both VPSC and D-Rex models,
the development of this point maxima is not observed when an initial random texture is used (gray symbols
in Figures 6a–6c). However, in simulations initiated with a nonrandom texture, both VPSC and D-Rex predict
a very dominant point maxima parallel to Y, in agreement with the experimental results. This is particularly
apparent in the oblique and parallel configurations (Figures 6b and 6c).

For the oblique and parallel cases, this quasi-orthorhombic texture under axial deformation can be
explained when considering the influence of the preexisting girdled texture. The [100] and [001] girdles in
the Åheim dunite, in the oblique and parallel configurations, are in unstable positions with respect to the
imposed deformation. However, within this girdle, a fraction of the grains have their [100] axes oriented
along the foliation strike (Y axis). These grains, with the [100] axis already oriented parallel to the Y axis, do
not need to rotate in order to align toward the X-Y plane; other grains with [100] axes oblique to the X-Y
plane require some rotation to reach the steady state orientation. Rotated grains are dispersed while the
grains that do not rotate become a point maxima in the axis of rotation (Y axis). This produces a transient
pseudo-orthorhombic symmetry to the CPO.
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For the perpendicular case, experiments and models are initiated with strong [100] and [001] girdles already
oriented in accordance with the imposed deformation kinematics. Interestingly, a [100] point maxima still
develops with strain, both for D-Rex and VPSC (Figure 6a), although this behavior is not seen in models initi-
ated with a random texture, which develop an almost ideal girdle in [100] (gray symbols in Figures 3a and
3b). A likely explanation is that the Åheim dunite does not have a perfect girdle to begin with and that the
observed point maxima in models is a consequence of small initial perturbations in the natural CPO (Figure
1a), which are enhanced with strain.

A critical question from the perspective of understanding CPO in the mantle is whether these textures are
transient or steady state. If these textures are transient, how long are the transient CPOs maintained? If
unexpected CPOs are preserved over long strain intervals this significantly changes the approach that must
be used when interpreting seismic anisotropy in terms of mantle flow. To evaluate this, we look at how tex-
ture quantities vary as a function of strain. One way to quantify a coaxial texture, with a girdle in the [100]
pole figure and a point maximum in the [010] pole figure, is through the BA-index defined in equation (6)
[Mainprice et al., 2014]. Figure 7 shows the BA-index development with strain for D-Rex and VPSC for the
three different configurations with preexisting texture and for an initial random texture. The models with an
initial random texture exhibit a rapid decrease of the BA-index to extremely low, and apparently steady
state values (BA 5 0.01–0.03 and 0.01–0.02 for D-Rex and VPSC, respectively). The strain required to reach
this steady state value is minimal (e � 0.2–0.3). This observation would imply that evolution of CPO is rapid
and predictable. The pretextured configurations also appear to reach a steady BA value however the strain
required to reach this apparent steady state value is considerably larger, especially in the parallel configura-
tion. Moreover, the magnitude in each configuration is significantly different (BA perpendicular> BA obli-
que>BA parallel> 0 for both models). The fact that the BA value of different configurations do not
converge to zero illustrates the protracted effect of the initial texture on the ultimate steady state. Models
up to strains of 2 do not eliminate the inherited point maximum, and perhaps achieve a quasi-steady state
CPO that depends on the initial model conditions. Tests using D-Rex up to strains of e 5 10 observe no addi-
tional change in this observation.

4.5. Seismic Anisotropy Resulting From Transient CPO Evolution
At the conditions prevalent in the upper mantle, convection driven flow at large or small scales will gener-
ate CPO as a natural consequence of deformation [Karato et al., 2008]. Near plate boundaries, where defor-
mation conditions and kinematics change rapidly, progressive deformation will continuously overprint a
long and complex convective history. If texture evolution is slow in comparison to these changes, seismic
anisotropy will reflect the transient nature of the CPO [Kaminski and Ribe, 2002; Lassak et al., 2006]. Seismic

Figure 6. The P[100] parameter is plotted versus strain for the three configurations: dark red for (a) perpendicular, (b) orange for oblique, and (c) yellow for parallel for D-Rex (squares),
VPSC (circles) and experiments (open symbols). For reference, models initiated with a random texture are shown in gray (these results are the same in Figures 6a–6c). Blue stars denote
the initial P[100] of the undeformed Åheim dunite. Numerical models initiated with random textures do not display any perceptible increase in P[100] with strain. However models and
experiments initiated using the preexisting texture show a systematic increase of P[100] with strain, reflecting the generation and strengthening of CPOs with orthorhombic symmetries .
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anisotropy detects CPO strength, symmetry, and orientation but is primarily sensitive to the latter two
characteristics.

The numerical simulations presented in section 3.2 emphasize that the details of the deformation history
affect significantly the consequent CPO (Figure 3). In Figures 8a-8c, we show how these CPOs manifest as
different seismic signatures. In Figures 8d and 8e, we show for comparison the calculated seismic

Figure 7. The BA-index is plotted versus strain for (a) D-Rex and (b) VPSC for the three configurations: perpendicular in dark red, oblique in orange, and parallel in yellow. Models initi-
ated with a random texture are shown in gray. Blue stars denote the initial P[100] of the undeformed Åheim dunite. Models initiated with a random texture converge rapidly to BA � 0,
indicating that the CPO achieves a nearly perfect axial girdle (AG). All of the pretextured configurations appear to stabilize at some nonzero BA-index, reflecting deviations from the
idealized texture. There is no convergence of BA values at high strain, indicating that deformation history influences CPO symmetry over long transient strain intervals.

Figure 8. Pole figures showing anisotropic seismic properties calculated from textures of experiments and models projected in the lower hemisphere. Three seismic properties are
shown for each model or sample: (left) Vp (km/s), (right) AVs (%) (AVs 5 200 (Vsmax2Vsmin)/(Vsmax 1 Vsmin), color, and the polarization, vector, of the fast shear waves. Color contours
ranges from red (low velocities) to blue (high velocities). We show experiments and models for the three sample configurations: (a) perpendicular, (b) oblique, and (c) parallel. Seismic
anisotropy calculated for experiments and models are compared at the same strain, as in Figure 2. Several reference samples to be compared with the present study: (d) an AG-type fab-
ric, represented by undeformed Åheim dunite, (e) an A-type fabric (sample PI-284) from the experiments of Zhang et al. [2000] deformed experimentally under anhydrous conditions in
simple shear, and (f) a B-type fabric (sample JK-21), deformed experimentally by [Jung and Karato, 2001] under hydrous conditions in simple shear.
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anisotropy for three other common CPOs. This illustrates how different deformation histories may yield sim-
ilar anisotropies—note for example, the similarity between the anisotropy generated in the parallel configu-
ration and the anisotropy generated by a ‘‘B-type’’ fabric. Experiments and models are generally in
agreement although the models over-predict the magnitude of anisotropy, in some cases by a factor of
two. Experiments and models in the perpendicular configuration show the strongest agreement, which is
to be expected because there is assumed to be no change in deformation kinematics between the preexist-
ing deformation and imposed deformation stages. Data for the parallel configuration are also in excellent
agreement. The anisotropy in this configuration is quite distinct from the predicted steady state anisotropy,
with a strong P-wave velocity maximum parallel to the Y direction (see section 4.4). The oblique configura-
tion shows the greatest difference between the experiment and the models. The fastest P-wave direction in
the VPSC and in the experimental data is roughly parallel to the Y direction, as is also seen in the parallel
configuration. However in the D-Rex model the fastest P-wave direction is subparallel to the X axis (Figure
8b). Hence the two models predict anisotropy that is roughly orthogonal. In general, all three deformation
or simulation configurations predict distinct seismic signatures. In Figure 9, P-wave velocities are shown
with respect to the azimuth angle along the plane normal to the shortening axis (X-Y plane) for experi-
ments, D-Rex, and VPSC (Figures 9a–9c, respectively). The P-wave velocities vary significantly depending on
the direction of wave propagation for the oblique (experiments and VPSC) and parallel (experiments, D-Rex,
and VPSC) data sets, reflecting the relict textures.

When CPO symmetries are orthorhombic (and hence do not exhibit transverse isotropy) a maximum in P-
wave velocity along a specific radial azimuth is expected. This P-wave velocity maximum should be parallel
to the X direction in A-type fabric and parallel to the Y direction for B-type fabric [Jung and Karato, 2001].
Although both models and experiments have the same dominant slip system as the AG-type CPOs regard-
less of the initial configuration, transient texture development produces seismic anisotropy that may be
similar signature to orthorhombic A-type or B-type textures. That suggests that the relationship between
seismic anisotropies and mantle flow is nonunique in regimes where a transient stage of texture evolution
is expected.

Figure 9. P-wave velocity is plotted against azimuthal angle (in degrees) along the radial X-Y plane. 0 and 1808 correspond to the sample X direction; 908 corresponds to the sample Y
direction. Vp variation with respect to the azimuth angles is shown for perpendicular (dark red), oblique (orange), and parallel (yellow) configurations, in (a) experiments (hollow sym-
bols), (b) D-Rex (square symbols), and (c) VPSC (circle symbols), respectively. (d) Variation of Vp with azimuth is calculated for the three reference textures shown in Figure 8D, 8E, and 8F.
Samples with well-developed axial girdles exhibit the lowest azimuthal anisotropy. However many samples, especially those deformed in the parallel configuration, exhibit significant
anisotropy. The anisotropy of the samples in the parallel and oblique configurations have anisotropy signatures that are very similar to the B-type reference sample, although the CPOs
were generated under very different conditions.
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4.6. Simple Shear Deformation
In many plate boundary settings deformation is likely to include elements of both simple and pure shear
[Tommasi et al., 1999]. Indeed, recent models of mantle flow around subducting slab show that compres-
sional or tensional coaxial deformation, due slab roll back and three dimensional flow, could be the domi-
nant deformation geometry in these settings [Di Leo et al., 2014; Faccenda and Capitanio, 2013; Kneller and
van Keken, 2007; Long and Silver, 2009]. To permit direct comparison between experiments and models, the
present study focused on deformation with a uniaxial shortening geometry. However, to extend the results
of this study to more general scenarios we have conducted some additional simulations of CPO evolution in
simple shear.

Evolution of CPO in simple shear is illustrated through the rotation of the [100] maxima (approximating the
fast seismic direction) as a function of strain (Figure 10). The [100] maxima orientation, w, is defined here as
the angle between the point maxima (i.e., the orientation of the largest eigenvalue) and the X direction. For
these simulations a strong (M 5 0.31) orthorhombic A-type CPO was created using D-Rex, with the [100]
axes aligned parallel to the shear direction (X axis). This CPO was rotated, mainly along the XY, XZ, and YZ

Figure 10. Simple shear simulations generated using the D-Rex model (M* 5 10) for a range of initial orientations. To represent the first
stage of deformation, a strong orthorhombic texture (M 5 0.31) was rotated into 33 different orientations, mostly along the XY, XZ, and YZ
planes. A second stage of deformation was then imposed, up to c 5 5.5. CPO evolution is described by the angle of rotation, w, which is
defined as the smallest angle between the [100] point maxima and the X direction (i.e., 0<w< 90). The curves show the evolution of w
with respect to shear strain (c), for each of the starting orientations. Of the 33 simulations, 25 are shown in gray to illustrate the range of
possible orientations that might be expected given a large number of starting configurations. 8 representative simulations are shown in
colors corresponding to specific initial configurations (shown in the key). Curves in yellow-orange-red reflect the scenario where a sample
is sheared first with one shear sense, and then the opposite shear sense, along similar shear planes-a plausible scenario as material is
advected through the mantle wedge. Collectively, these curves document a long transient stage (c 5 0 to �4) where there is significant
variability in CPO orientation, and a subsequent stage (c> 4) where CPOs reach a quasi-steady state and the obliquity between the CPO
and the flow direction is smaller and generally predictable.
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planes, for a total of 33 different initial orientations. This assortment of initial textures was then deformed in
simple shear to a maximum strain of c 5 5.5 (Figure 10). Due to the large strains required for these simula-
tions, we show results only for the D-Rex model. The collection of curves shows two stages. At low to mod-
erate strains CPO evolution is transient, with the [100] orientation are distributed broadly in orientation
space. Most models exhibit a [100] maxima that is highly oblique to the shear direction, and there is signifi-
cant variation amongst the different simulations. The second stage of evolution occurs at larger strains
(c> 4), in which a quasi-steady state is reached, and the [100] maximum is generally within 0–108 of the
shear direction. Notably, the critical strains required to reset preexisting CPO are quite consistent with
observations from natural samples [Skemer et al., 2012; Warren et al., 2008].

5. Conclusions

In this study, D-Rex and VPSC models are used to evaluate texture evolution of olivine aggregates for a vari-
ety of initial conditions, simulating distinct deformation histories. These models were compared with recent
experiments by Boneh and Skemer [2014]. Both experiments and numerical models show that deformation
history has a significant impact on the evolution of olivine CPO. For each of the initial deformation configu-
rations, CPO and the consequent anisotropic signature is observed to evolve differently. Moreover, the evo-
lution of CPO in each deformation configuration deviates markedly from the evolution of experiments and
models initiated with random textures. In a uniaxial deformation geometry to strains of e 5 2, models in var-
ious configurations do not converge to the predicted steady state texture. Models run to larger strains in
simple shear, appear to converge to steady state textures at c> 3. This is significantly larger than previously
assumed, but is largely consistent with observations from mantle shear zones. It should also be noted that
these critical strains for reorientation are similar in magnitude to strains generated by corner-flow in a sub-
duction setting [e.g., McKenzie, 1979]. As such, forward or inverse models that seek to relate seismic anisot-
ropy to mantle flow must be cautious in their interpretations, as olivine appears to exhibit long transient
intervals during which CPO has not reached steady state.
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