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ABSTRACT

Homogenization models are widely used to predict the evolution of texture (crystal preferred orientations)
and resulting anisotropy of physical properties in metals, rocks, and ice. They fail, however, in predicting
two main features of texture evolution in simple shear (the dominant deformation regime on Earth)
for highly anisotropic crystals, like olivine: (1) the fast rotation of the CPO towards a stable position
characterized by parallelism of the dominant slip system and the macroscopic shear and (2) the
asymptotical evolution towards a constant intensity. To better predict CPO-induced anisotropy in the
mantle, but limiting computational costs and use of poorly-constrained physical parameters, we modified
a viscoplastic self-consistent code to simulate the effects of subgrain rotation recrystallization. To
each crystal is associated a finite number of fragments (possible subgrains). Formation of a subgrain
corresponds to introduction of a disorientation (relative to the parent) and resetting of the fragment
strain and internal energy. The probability of formation of a subgrain is controlled by comparison
between the local internal energy and the average value in the polycrystal. A two-level mechanical
interaction scheme is applied for simulating the intracrystalline strain heterogeneity allowed by the
formation of low-angle grain boundaries. Within a crystal, interactions between subgrains follow a
constant stress scheme. The interactions between grains are simulated by a tangent viscoplastic self-
consistent approach. This two-level approach better reproduces the evolution of olivine CPO in simple
shear in experiments and nature. It also predicts a marked weakening at low shear strains, consistently
with experimental data.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

consistent preferred orientations at scales of tens to hundreds of
km (Mainprice, 2007).

Crystal preferred orientations (CPO) are ubiquitous in rocks de-
formed by ductile processes. They attest for the importance of
dislocation creep in the deformation of the Earth. They also result
in anisotropy of physical properties in the Earth crust and man-
tle. Indeed, most rock-forming minerals have strongly anisotropic
physical properties. Development in response to flow of a preferred
orientation of the crystals transfers this anisotropy to larger scales.
The ubiquitous measurement of anisotropic propagation of seismic
waves using teleseismic shear waves or surface waves is an evi-
dence for this upscaling. It implies that the elastically anisotropic
of olivine crystals that compose most of the upper mantle have
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Thermal diffusion and viscoplastic deformation of olivine are
also anisotropic (Kobayashi, 1974; Chai et al., 1996; Tommasi et
al., 2001; Durham and Goetze, 1977; Bai et al., 1991; Hansen et
al., 2012a). Existence of preferred orientation of olivine crystals
at large scale should therefore result in an anisotropic thermo-
mechanical behavior of the upper mantle. Numerical models of
lithospheric deformation that explicitly consider an evolving CPO-
induced mechanical anisotropy display indeed strain localization
depending on the orientation of the olivine CPO relatively to the
applied stresses (Knoll et al., 2009; Tommasi et al., 2009). They
also show a high sensitivity of the strain distribution to the evolu-
tion of the CPO (Tommasi et al.,, 2009). Accurate modeling of the
upper mantle deformation requires therefore correct prediction of
the olivine CPO evolution.

A variety of homogenization models, ranging from kinematic
(Etchecopar, 1977; Etchecopar and Vasseur, 1987; Ribe, 1989;
Kaminski and Ribe, 2001) to lower bound (Chastel et al., 1993),
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tangent viscoplastic self-consistent (TGT-VPSC; Wenk et al., 1991;
Tommasi et al., 1999, 2000), and second order viscoplastic self-
consistent (SO) approaches (Castelnau et al., 2008; Raterron et al.,
2014), have been used to calculate the evolution of olivine crys-
tal preferred orientation and the resulting anisotropy of physical
properties in the mantle. These models fail, however, in predicting
the essential features of the olivine CPO evolution in simple shear:
(1) the fast reorientation towards a stable position characterized
by parallelism of the dominant slip system and the macroscopic
shear at shear strains as low as 2 and (2) the asymptotical behav-
ior of the CPO intensity, which remains almost constant for shear
strains >5. This characteristic evolution is well documented in
simple shear experiments on olivine polycrystals at high temper-
ature and moderate pressure conditions (Zhang and Karato, 1995;
Bystricky et al., 2000; Demouchy et al., 2012; Hansen et al., 2014).
It also corroborated by the analysis of the olivine CPO in shear
zones in peridotite massifs (e.g., Warren et al,, 2008) and by the
limited range of CPO intensities in naturally deformed peridotites
(Ben Ismail and Mainprice, 1998; Tommasi et al., 2000).

This CPO evolution in simple shear is shared by other highly
anisotropy crystalline materials, like ice (Bouchez and Duval, 1982)
and quartzites deformed under low temperature or high strain
rates conditions (Schmid and Casey, 1986; Dell’Angelo and Tullis,
1989). These three materials have few slip systems with highly
contrasted critical resolved shear stresses and need therefore the
assistance of diffusion-based mechanisms to accommodate a gen-
eral deformation. They are also characterized by highly heteroge-
neous inter- and intragranular strain and stress distributions, as
illustrated by digital image correlation data of deformation experi-
ments in ice polycrystals, which show strain concentrations at both
grain boundaries and low-angle tilt boundaries that crosscut the
crystals (Grennerat et al., 2012).

Analysis of deformed peridotites highlights similar features in
olivine. Deformed crystals are crosscut by numerous low-angle tilt
boundaries parallel to the (100) plane. Analysis of the misorienta-
tion across these boundaries and TEM data shows that they are es-
sentially composed by dislocations of the [100]{Okl} systems (e.g.,
Green and Radcliffe, 1972; Buiskool Toxopeus and Boland, 1976;
Falus et al., 2011). Deformation bands with misorientations ranging
from 8 to 32° were also observed in deformation experiments on
olivine single crystals where the available slip systems could not
accommodate the fixed boundary conditions at the contact with
the pistons (Demouchy et al., 2013). These observations suggest
that formation of low-angle grain boundaries is an essential strain
accommodation feature in highly anisotropic materials.

Dynamic recrystallization by subgrain rotation (Poirier and
Nicolas, 1975) or nucleation and growth (migration recrystalliza-
tion, Guillope and Poirier, 1979) has been traditionally proposed
to explain this discrepancy in CPO evolution between models
and observations. Indeed, when the CPO of parent and recrys-
tallized grains could be measured separately, the latter shows
a higher dispersion (Nicolas et al., 1973; Tommasi et al., 2000;
Zhang et al., 2000; Falus et al., 2011). This suggests that dynamic
recrystallization contributes to weaken the CPO. The link between
dynamic recrystallization and the parallelism between the domi-
nant slip system and the macroscopic shear is less clear. However,
kinematic models of CPO evolution that simulate the recrystalliza-
tion by a fragmentation of the crystals restoring isometric shapes
(Etchecopar, 1977; Etchecopar and Vasseur, 1987) do reproduce
correctly the CPO evolution of ice in simple shear (Bouchez and
Duval, 1982).

More recent polycrystal plasticity models incorporating dy-
namic recrystallization (Wenk and Tomé, 1999; Kaminski and Ribe,
2001) have focused on the nucleation and growth recrystallization.
They were able to reproduce the experimental simple shear CPOs
of olivine polycrystals by assuming that crystals in soft orienta-

tions will recrystallize earlier, producing undeformed nuclei with
the same orientation, and that fast growth of these nuclei will lead
this orientation to dominate the final CPO. However, these mod-
els are highly sensitive to ad-hoc parameters, which control the
effectiveness of nucleation and grain growth. Experimental data
constraining these parameters, which should be both stress and
temperature dependent, are lacking. The parameters were there-
fore fitted to reproduce the experimental data in simple shear.
However, this results in different CPO evolutions for geodynamic
settings in which flow direction changes rapidly, as beneath an
oceanic ridge (Castelnau et al., 2009). If these models are cou-
pled to geodynamic simulations, such variations will translate in
markedly different viscoplastic anisotropies and, hence, flow pat-
terns.

The aim of the present study is to produce a simple, but ro-
bust model predicting the evolution of olivine CPO in simple shear,
which will allow more precise modeling of the effect of CPO-
induced viscoplastic anisotropy of olivine on geodynamic flows.
We opted to investigate an alternative recrystallization process:
continuous dynamic recrystallization (CDRX), focusing on the con-
sequences of the formation of subgrains on the CPO evolution and
mechanical behavior of an olivine polycrystal deformed in simple
shear. This choice is justified by microstructural observations in
naturally and experimentally deformed peridotites, like the high
proportion of low-angle grain boundaries with misorientations ac-
commodated by rotations around {Okl} axes and the predominance
of recrystallized grains with sizes similar to the subgrains (e.g.,
Falus et al., 2011), which suggest that, in olivine-rich rocks, nu-
cleation during dynamic recrystallization occurs essentially by pro-
gressive misorientation of low-angle boundaries.

2. The model

We have extended the TGT-VPSC code to simulate the effect of
CDRX on the CPO evolution. The proposed CDRX scheme considers
the effects of formation of subgrains (polygonalization of the crys-
tals) on both the CPO evolution and the mechanical behavior of the
crystals. It has a limited number of parameters and may be easily
transferred to other linearization methods, like the second-order
VPSC approach (e.g., Castelnau et al., 2008).

2.1. Modeling CDRX

In CDRX the microstructure evolves by progressive fragmenta-
tion of the grains. First, dislocations organize themselves into low-
angle boundaries (LAB), leading to formation of subgrains (poly-
gonization). Continued dislocation accumulation results in pro-
gressive increase of the misorientation at the LAB, which evolve
into high-angle boundaries (HAB), completing the recrystallization
process. Inspired by the early works of Etchecopar (1977) and
Etchecopar and Vasseur (1987), the more recent model by Gourdet
and Montheillet (2003), and by the observations described pre-
viously, we propose the following approach in order to simulate
CDRX.

We assume that the grains are initially homogeneous, but that
during CDRX they may fragment into, at most, n subgrains (called
in the following fragments). The creation of a subgrain may only
occur if: (i) the strain accumulated in the parent has reached
a threshold €p and (ii) the local (parent) stored energy Ejg‘(k) is
higher than the polycrystal average E® (nucleation conditions). As
subgrains are observed even in olivine polycrystals submitted to
very low strains (e.g., Bystricky et al., 2000; Skemer et al., 2011),
the strain threshold in the reference model was arbitrarily set to
0.25, but we also tested strain thresholds of 0.125 and 1 (Supple-
mentary Material Fig. S1a-b). The local E,g‘(k) and polycrystal E®
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stored energy are assumed to be proportional to either the crys-
tal plastic work or the crystal plastic work rate. Both assumptions
consider that the internal energy is directly linked to the dislo-
cation population in the crystal, which depends on both the local
stress and strain (or strain rate). The second option considers that
effective recovery allows for fast re-equilibration of the dislocation
microstructure, which records therefore solely the last strain in-
crement. It is consistent with the steady-state behavior observed
in deformation experiments in olivine crystals at high temperature
(=1200°C, Bai et al,, 1991).

The probability of nucleation follows a simplification of the cri-
teria given in Solas et al. (2001), where the value of the constant
E, determines the efficiency of nucleation process.

S0 _gl o = K
p}g,(k) _ N1 —exp(——rp— 5E0 ) 1fE;.g’( ) 5 E, As;g’( ) > €o; w £0,
0 else
(M
When the nucleation probability factor, p;g‘(k), i=1,...,n—1, ex-

ceeds a randomly generated number between 0 and 1, nucleation
takes place. Most simulations were run using an arbitrary value
of E, of 2, but tests using different E; values show similar CPO
and mechanical evolutions (Supplementary Material Fig. S1c-d). A
drawback of the current implementation of CDRX is that the nucle-
ation kinetics depends on the applied deformation step Ae. Similar
nucleation probabilities and, hence, similar CPO evolutions in mod-
els with different deformation steps may nevertheless be obtained
by correcting the probability function as:

., (k (K
aepf =11 - ac, p¥®, (2)

where Ag and Ags are the current and the reference strain in-
crements and N = Agyr/Ae (Supplementary Material Fig. Sle-f).
Initially the entire volume fraction is assigned to the parent
fragment (i.e., w§ = w$, where w$ is the volume fraction of the
whole grain g); the other fragments have a null volume fraction

(wig =0fori=1,...,n—1). Creation of a subgrain corresponds to
the transfer of a volume fraction wf = %wg from the initial par-
ent to one of the unused fragments (i.e., those with a null volume
fraction, w‘? =0):

gk _

g (k=1)
wp -

wy wé, (3)

where the superindex k refers to the deformation step in which
the subgrain is created. When all fragments are used, a new frag-
ment is created by resetting the data of one of the existing frag-
ments, chosen randomly among the n possible sites. Fig. 1a illus-
trates schematically how the model accounts for the evolution of
the volume fractions of between parents and newly formed sub-
grains. Tests on the consequences of imposing a fixed number of
possible fragments show that 10 fragments suffice to capture in a
statistic way the steady-state crystal orientation distribution and
the associated strain heterogeneity due to CDRX (Supplementary
Material Fig. S1g-h).

In the first step, only the initial parent grain may give rise to
a subgrain, because w;g =0 for i > 1. However, once created, all
fragments are potential parents. When more than one fragment
verifies the condition (1), only the fragment displaying the maxi-
mum internal energy nucleates. The weight transfer is made from
the initial parent towards the new subgrain, until the parent at-
tains a volume fraction wf = %Wg . Afterwards, no weight transfer
is made, but the accumulated strain, the local work, and the ori-
entation of the new subgrain are updated as follows.

The new fragment accumulated strain and plastic work are set

to zero, As;.g’(k) = 0. Its orientation is calculated by rotating the
parent orientation by an angle ¥; around an axis defined as:

tp—— > steadystate (a)

®)

00000000 G

Fig. 1. Schema of the composite-grain continuous dynamic recrystallization (CDRX-
CG) model. (a) Weight redistribution between parents and subgrains during CDRX.
At to, the entire volume fraction of the grain is assigned to the parent p°. At the end
of each deformation step, if the recrystallization criteria are fulfilled, one recrystal-
lization event occurs (the fragment with the highest internal energy recrystallizes,
independently if it was a parent or a subgrain in the previous step). This results
in progressive transfer of weight from the parent to the subgrains ( f,’;, where the
superscript indicates the parent and the subscript, the subgrain), until all n possi-
ble fragments (n = 10 in the reference model) are filled. Subsequently (i.e., after
the first n — 1 nucleation events), the new subgrain is created by resetting the
data of one of the existing fragments chosen randomly among the n possible sites.
(b) Schema of the mechanical interactions within a grain. Each grain is composed
by a finite number of subgrains, which are misoriented by an angle —9° < ¥ < 0.
The interactions between the subgrains follow a lower bound model, implying that
the local stresses sig are constant in all subgrains, but that the local (subgrains)
strain rates dig may vary freely. The grain strain rate d8 is the average of the sub-
grain strain rates and the grain weight wé is the sum of the subgrain weights wig .

Within a subgrain, stresses s;.g and strain rates d;g are constant.

g (k) og. (k) _ 1 —g.(0) o 2.0 g.(0)
vaj ’ﬁj - g.(k) nj,sys ®bj,sys|yj,sys
Zsys |)/j,5y5 | “sys

—9% <9; <9%rnd, (4)

)

where b is the slip plane direction or Burgers vector, i is the
slip plane normal direction. This assumption considers that the
subgrains are limited by tilt walls composed by edge disloca-
tions of the active slip systems in a proportion that is equivalent
to their activity. This hypothesis is justified by TEM data show-
ing that the LAB in olivine are essentially (100) tilt boundaries,
composed by edge dislocations of the [100](010) and [100](001)
systems (e.g., Green and Radcliffe, 1972; Buiskool Toxopeus and
Boland, 1976). It is also corroborated by the analysis of the rotation
axes accommodating misorientations across LAB in olivine from
naturally deformed peridotites, which are mainly of <OVW> type,
consistently with the dominant activation of [100]{0kl} systems in-
ferred from the analysis of the CPO (e.g., Tommasi et al., 2008;
Soustelle et al., 2010; Zaffarana et al, 2014). However, we also
tested the effect of imposing a random rotation axis (Supplemen-
tary Material Fig. S1i-j).

At each subgrain formation event, we impose a random misori-
entation angle —9°% < ¥ < ©9. This procedure results in a statis-
tical LAB misorientation distribution similar to the one resulting
from continuous creation of subgrains with low misorientations
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and progressive increase of the misorientation by accumulation
of dislocations within the existing subgrains. In most models, the
maximum possible disorientation, 99, is +15°, which is the usu-
ally assumed limit between a low (subgrain) and a high angle
(grain) boundary in minerals, but a higher value of +30° was also
tested (Supplementary Material Fig. S1k-1).

The actual recrystallization, that is the transformation of a
LAB into a HAB, is modeled implicitly by considering that the
HAB and corresponding orientations are statistically represented
in the global CPO. This assumption implies that the recrystallized
grains are mechanically independently of the parent crystal and,
by consequence, only submitted to long-range interactions (cf. Sec-
tion 2.2).

2.2. Mechanical interactions within and between grains

We use a two-level mechanical interaction scheme for simulat-
ing the mechanical consequences of the CDRX. Within a crystal,
interactions between subgrains follow a constant stress scheme.
A modified tangent viscoplastic self-consistent approach simulates
the interactions between grains.

2.2.1. Short-range (intracrystalline) interactions: Composite Grain (CG)
model

The formation of LAB allows for intracrystalline strain hetero-
geneity. We use a Composite Grain (CG) model to simulate this
effect (Fig. 1b). The CG model considers the grain as an ensemble
of subgrains with slightly different crystallographic orientations,
which are related to each other by short-range interactions. It is
based on the relaxed constraints theory (Honneff and Mecking,
1981) and is frequently used to simulate coupled deformation be-
tween two crystalline domains separated by a planar interface,
such as twins (Lebensohn et al., 1998; Proust et al., 2007).

Assuming that the stress s;g and the strain rate d'l.g are homo-
geneous within each subgrain (fragment), the stresses and strain
rates at grain level are given by the weighted average:

d =) widf (5a)
i

8= wisf, (5b)
i

where i runs over all fragments that form the composite grain (i =
1,...,10 in the reference case). Using the rate-sensitivity equation
to describe the crystal plasticity, Eq. (5a) can be rewritten as:

g Sg n
VOZW (Zmlsys( ]Ss)}/fsl) >=0’ (6)

sys
where m is the symmetric part of the Schmid orientation tensor.
In the present models, we assume that the interaction between the
subgrains follows an equilibrium-based model, where the stress is
constant in all fragments (s‘ig = s&). This pragmatic approach allows
avoiding the definition of an explicit interface between pairs of
fragments and results in major simplification in the computational
treatment. In addition, this assumption allows for maximum strain
heterogeneity within the grain.

2.2.2. Long-range (polycrystal-scale) interactions: modified TGT-VPSC
model

By considering each CG in the polycrystal as an inclusion em-
bedded in an equivalent medium, it is possible to extend the TGT-
VPSC 1-site interaction equation (Lebensohn and Tomé, 1993). This
produces, for each CG, the following system of nonlinear equa-
tions:

Table 1

Slip systems’ data for olivine deformation at high-temperature, moderate
pressure, dry conditions: slip plane and Burgers vector, Critical Resolved
Shear Stress (CRSS), and stress exponent. Systems marked by (*) are used
for numerical convenience and for the sake of having 5 independent slip
systems available; they accommodate <0.1% of the total deformation at any
step in all models, except in the second order VPSC where these systems ac-
commodate >5%, reaching up to 22%, of the total strain rate at shear strains
higher than 2.

Slip system CRSS n
(010)[100] 1 3
(001)[100] 1 3
(010)[001] 2 3
(100)[001] 4 3
{011}[100] 4 3
{111}[110* 50 3
{111}[011]* 50 3
g Sg n
i,5ys70 y
d+ W=y Y] (Zm,sys( e ) ) Wit — 0
sys
g _
s; =58, (7)

where M is the interaction tensor, which is function of the vis-
coplastic Eshelby tensor and the macroscopic tangent compliance,
and d, s are the polycrystal (macroscopic) strain rate and stress.
The tangent compliance of the CG structure, M2, can be calculated
from the tangent compliance of the fragments that compose it, Mig .
The self-consistent assumption is used to determine the strain
partitioning between all CG structures in the aggregate. After nu-
merical convergence is achieved (<0.1% deviation between local
and global stresses and strain rates), the reorientation of each frag-
ment of the CG is evaluated. The lattice rotation rate is given by:

g 58 ~
w;'g =W- Zqi,sysyi,sys + W&, (8)
s

where W is the antisymmetric component of the imposed macro-
scopic velocity gradient, the second term is the plastic spin asso-
ciated with each fragment, and w# is the reorientation rate of the
associated ellipsoidal inclusion.

3. Olivine CPO evolution in the CDRX-CG model

Olivine has only 3 independent systems, which critical re-
solved shear stresses (CRSS) depend on the deformation conditions
(stress, pressure, water fugacity; e.g., Durham and Goetze, 1977;
Jung and Karato, 2001; Mainprice et al.,, 2005; Demouchy et al.,
2013). Since the present models are tested by comparison with
simple shear data from high temperature, moderate pressure, dry
experiments, we impose in all models [100](010) as the easiest
system, followed by [100](010). [001]{hkO} systems are harder. The
full slip systems’ data are listed in Table 1. In all simulations, 500
grains are used and each grain may fragment into 10 subgrains.
The input parameters that control the efficiency of recrystalliza-
tion and the orientation of the subgrains relative to the parents in
the CDRX-CG model are listed in Table 2.

Fig. 2 illustrates the predicted CPO evolution with increasing
shear strain for an initially random olivine polycrystal in a CDRX-
CG model where the stored energy is assumed proportional to the
plastic work. Already at shear strains of 0.5, the model predicts a
weak but clear CPO with a roughly orthorhombic symmetry. This
CPO is characterized by alignment of the maximum concentration
of [100] and [010] with the maximum and minimum finite strain
ellipsoid axes, respectively. For shear strains >2, the CPO starts
to rotate faster than the finite strain ellipsoid. At shear strains of
5, the maximum concentrations of [100] and [010] are subparal-
lel (<7°) to the imposed shear direction and normal to the shear
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Table 2
Input parameters in the CDRX-CG model.

Parameter Value in reference Other values tested
model

# fragments 10 5; 20

Strain threshold EO 0.25 0.125; 1.0

Nucleation efficiency E; 3.0 15; 5.0

Rotation axis [UVW] function of slip random
systems activity

Maximum rotation angle +15° +30°

Incremental step 0.01 0.001; 0.005

[100] [010] [001]

max=16.8
-
Y=10
’ a
—~— 7n
max=21.8 max=15. max=15.9 =
-

4

max=24.4

-

Y20 ~
+

-~

max=17 max=19.7 -

Fig. 2. CPO evolution with increasing shear strain (y) in the CDRX-CG model. Lower
hemisphere stereographic plots. SD = shear direction; X = maximum finite stretch-
ing direction (lineation); Z = maximum finite shortening direction (normal to the
foliation). The continuous black line marks the shear plane, the dashed one, the
foliation (plane normal to the minimum finite stretching direction).

plane, respectively. In addition, [001] becomes more concentrated,
forming a well-developed single maximum in the shear plane, nor-
mal to the shear direction. For shear strains >10, the maximum

concentration of [100] forms an angle of ~3° to the shear direc-
tion. This CPO remains stable both in orientation and intensity up
to shear strains of 20 and higher.

Comparison between the CPO of the non-recrystallized grains
(that never formed a subgrain) and of the recrystallized ones (in
which at least one subgrain formation event occurred) highlights
the effect of the CDRX-CG model on the CPO evolution (Fig. 3). The
CPO of the non-recrystallized grains is characterized, at all strains,
by strong maxima of [100] and [010] aligned with the maximum
and minimum elongation directions of the finite strain ellipsoid,
respectively. In contrast, the CPO of the recrystallized grains ro-
tates faster than the finite strain ellipsoid. Parallelism between the
[100] maximum and the shear direction is attained at shear strains
<5 and this orientation remains stable thereafter. The evolution
of the intensity of the CPO also differs. It is faster in the non-
recrystallized population.

Simulations using a work rate-based nucleation criterion show
qualitatively similar results, but a faster re-orientation of the CPO
(Fig. 4a). This faster rotation of the CPO towards alignment of the
[100] maximum with the shear direction is due to the more ef-
fective subgrain formation in these simulations. Indeed, at a shear
strain of 2, 69% of the grains have already recrystallized in the
work rate-based simulations, compared to 56% in the work-based
models (Fig. 4a). For shear strains >7, the two models show similar
behaviors. The more effective recrystallization in the work rate-
based models at low strains also results in a slower evolution
of the CPO intensity, resulting in slightly lower asymptotic values
(Fig. 4b).

In summary, the main prediction of the CDRX-CG models,
which is a fast evolution of the CPO towards a stable CPO with
well-developed maxima of [100] and [010] parallel to the shear
direction and normal to the shear plane, respectively, does not
depend on whether the nucleation is controlled by contrasts of
plastic work or work rate. More effective formation of subgrains in
the work rate-based simulations results in a faster rotation of the
CPO. However, the maximum difference in orientation between the
two models is ca. 4° at a shear strain of 5. Model predictions also
show a very weak sensitivity to the numerical parameters control-
ling the nucleation rate (critical strain and probability factor) and
the reorientation of the fragments during nucleation (rotation an-
gle and axis) as illustrated in Supplementary Material Fig. S1. The
asymptotic value of the CPO intensity is slightly lower for more ef-
fective recrystallization; the maximum reduction (by a factor 2) is
associated with the use of a larger misorientation range. The rate
of rotation of the CPO is even less sensitive to the nucleation pa-
rameters, but use of random rotation axes delays the reorientation
of the CPO.

4. Comparison to olivine CPO evolution in simple shear
experiments and a natural shear zone

Fig. 4 compares the CPO evolution (orientation and strength)
predicted by CDRX-CG models with data for olivine polycrystals
deformed in simple shear at high temperature and moderate pres-
sure conditions (Zhang and Karato, 1995; Bystricky et al., 2000;
Demouchy et al.,, 2012; Hansen et al., 2012a, 2012b, 2012c, 2014)
and for a natural shear zone in the Josephine peridotite (Warren et
al., 2008). For reference, it also displays the evolution of the orien-
tation of the long axis of the finite strain ellipsoid as well as the
predictions of tangent and second-order VPSC models (TGT-VPSC
and SO-VPSC) without recrystallization.

The experimental data show a strong dispersion, due to vari-
ations in the experimental conditions (initial grain sizes, temper-
ature, H,O fugacity, etc.) that affect the olivine deformation and
recrystallization, non-random initial CPOs of the synthetic hot-
pressed olivine aggregates (cf. Demouchy et al., 2012), and uncer-
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Fig. 3. Comparison between the CPO evolution with increasing shear strain (y) of recrystallized (in which at least one subgrain nucleation event occurred) and non-
recrystallized (in which no subgrains formed) grains; note the faster rotation and the parallelism between the [100] maximum and the shear direction, but slower evolution
of the CPO intensity of the recrystallized. Lower hemisphere stereographic plots. SD = shear direction; X = maximum finite stretching direction (lineation); Z = maximum
finite shortening direction (normal to the foliation). The continuous black line marks the shear plane, the dashed one, the foliation.

tainties in the determination of the shear direction (+2°) and in
the CPO measurements (+1°). This uncertainty is even higher at
low strains, because dispersed CPOs result in poorly determined
eigenvectors of the orientation distribution. In addition, some ex-
perimental samples show a rotation of the maximum concentra-
tion of the olivine [100] axes (characterized by the eigenvector E1
of the orientation distribution) past the shear direction for which
there is no clear explanation. In the natural shear zone, the pro-
tolith has a well-developed CPO at a high angle to the shear zone
orientation. Moreover, the natural shear zone is characterized by
coarse-grained peridotites, which contrast with the fine-grained
experimental samples. In spite of this, the data shows a clear trend,
characterized by a fast rotation of CPO towards a stable orienta-
tion characterized by well-developed maxima of [100] and [010]
parallel to the shear direction and normal to the shear plane, re-
spectively, which is reached between shear strains of 2-5.
CDRX-CG simulations in which the internal energy is ap-
proached by the plastic work rate better reproduce the observa-
tions’ trend (Fig. 4a). In tangent and second order VPSC simulations
the CPO reorientation with increasing shear strain closely fol-
lows the finite strain ellipsoid reorientation. The CDRX-CG model
in which the internal energy is approached by the plastic work
displays an intermediate evolution. However, even in work rate-
based CDRX-CG simulations, the stable orientation is achieved
at higher shear strains (shear strain >5) than in most experi-
ments. This is consistent with development of subgrains at very
low strains (1-2%) and almost complete recrystallization of ex-
perimental samples at strains as low as 2 (Bystricky et al., 2000;
Demouchy et al., 2012). The dependence of the reorientation rate
of the CPO on the recrystallization rate is coherent with the differ-
ence in orientation between recrystallized and non-recrystallized

grains (Fig. 3). The faster rotation of the recrystallized grains is
consistent with the orientations of recrystallized grains and por-
phyroclasts in coarse-grained dunites deformed in torsion (cf. Fig. 7
in Skemer et al.,, 2011).

CDRX-CG models also reproduce better the slow evolution of
the intensity of the CPO in the high shear strain experiments, but
asymptotic intensities in the models are slightly higher than those
observed in the experiments (Fig. 4b). However, CDRX-CG models
with more efficient creation of subgrains (lower strain and proba-
bility thresholds) or in which strong misorientations between sub-
grains are permitted (¢ max. = +30°) simulate correctly the mod-
erate strength CPOs displayed by experimentally sheared olivine
polycrystals (Supplementary Material Fig. S1k).

5. Role of intragranular strain heterogeneity on the CPO
evolution

In the present models, the formation of a subgrain results in
both disorientation of part of the crystal and intragranular strain
heterogeneity. For discriminating the role of these two processes
on the CPO evolution, we run models in which we allow for re-
crystallization as described in Section 2.1, but treat the mechanical
interactions within a grain using the TGT-VPSC approach, instead
of the CG one. This results in lower strain heterogeneity among
the subgrains that compose a grain and produces a plainly differ-
ent CPO evolution (CDRX-TGT-VPSC model in Fig. 4). The maximum
concentration of [100] follows the orientation of the maximum fi-
nite strain ellipsoid axis up to shear strains of 8 (Fig. 4). At higher
shear strains, it starts to rotate faster than the finite strain ellip-
soid, aligning with the CDRX-CG model at a shear strain of 20.
These simulations highlight that the fragmentation of a grain into
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Fig. 4. CPO evolution with increasing shear strain (y) for the reference CDRX-CG-
TGT-VPSC model using work and work rate-based recrystallization criteria, a CDRX
model without short range interactions between subgrains (CDRX-TGT-VPSC model),
the TGT-VPSC model, the second order VPSC model, in simple shear experiments on
olivine polycrystals, and in a shear zone in the Josephine ophiolite. (a) CPO inten-
sity, characterized by the J-index. (b) CPO reorientation, characterized by the angle
between the maximum eigenvector of the [100] axis orientation distribution and
the shear direction. Slip system data are the same for all models (Table 1). Experi-
mental data points from Zhang and Karato (1995), Bystricky et al. (2000), Demouchy
et al. (2012), and Hansen et al. (2012a, 2012b, 2012c, 2014). Data for the Josephine
shear zone from Warren et al. Black symbols indicate data obtained at 1200°C at
dry conditions. Grey points mark data obtained at 1300°C or at wet conditions.

subgrains and the associated dispersion of the crystal orientations
do not suffice to decouple the rotation of the CPO from the finite
strain ellipsoid one. The relaxation in strain compatibility in the
short-range interactions, that is, allowing for strain heterogeneity
within the grains, is therefore essential for fast reorientation of the
crystals towards easy glide positions. On the other hand, the evolu-
tion of the CPO intensity in the CDRX-only model is clearly slower
than the TGT-VPSC model (Fig. 4b). This suggests that the CPO dis-
persion associated with the rotation of the subgrains relative to
their parent is the main feature allowing for a slower evolution of
the CPO intensity.

The enhanced intragranular strain heterogeneity (relaxed strain
compatibility) associated with the formation of subgrains is a thus
key factor for producing fast rotation and early stabilization of
olivine CPO during simple shear. It allows for a more heteroge-
neous strain rate distribution in the polycrystal, with a few grains,
which are well-oriented to glide on the easy [100](010) system,
displaying high shear strains rates (up to 4 times the average one)
and a majority of crystals, which are in hard orientations, deform-
ing very slowly (Fig. 5). This strain rate distribution results in high
plastic spin rates, similar to the macroscopic ones, for the first
population, stabilizing these grains in an orientation in which the
[100](010) system is parallel to the macroscopic shear, and in low

plastic spin rates for the other crystals, allowing them to be reori-
ented.

6. Slip systems activity and mechanical behavior of the
polycrystal

Since none of the models includes intrinsic hardening, the me-
chanical behavior of the polycrystal and the slip system activity
are mainly controlled by the CPO evolution (geometrical hardening
or softening), but they also depend on treatment of the mechan-
ical interactions, which is different for the three models. Fig. 6
compares the evolution of the polycrystal strength with increasing
shear strain in work and work rate-based CDRX-CG, TGT-VPSC, and
SO models. All models show an initial hardening stage, followed by
a marked softening, which evolves towards a quasi-steady state.
They differ by: (i) the intensity of the hardening, which is much
lower in CDRX-CG models, (ii) the shear strain at which softening
starts, which is lower (shear strain of ~2) for both CDRX-CG and
SO models, and (iii) the initial rate of softening, which is higher for
work rate-based CDRX-CG model, consistently with the more effec-
tive subgrain formation. The three models also differ by the ‘final’
quasi-steady polycrystal stress, which is only 1.5 times the CRSS for
the easy [100](010) system in CDRX-CG models. At all strains, poly-
crystal stresses are much higher in SO models, consistently with
predictions of full-field plasticity models like FFT (Castelnau et al.,
2008).

The mechanical behavior of the polycrystal is directly linked
to the slip systems activity (Fig. 7). Up to a shear strain of 1, all
models display a similar behavior, which is consistent with the im-
posed slip system data (Table 1). The initial drop in the activity of
[100](010) is associated with increased activity of the coplanar sys-
tem [001](010) in both CDRX-CG and the TGT-VPSC models. In the
SO-VPSC model this reduction is compensated by the increase of
the activity of [100](001). With increasing shear strain, reorienta-
tion of the CPO results in increase in the activity of [100](010) up
to a value at which it stabilizes. However, the evolution rates and
the shear strains at which the slip systems activity becomes sta-
ble vary. The CDRX-CG work rate-based model shows the fastest
evolution rate and the earliest stabilization of the slip systems ac-
tivity (at a shear strain of 5). The TGT-VPSC model displays the
slowest evolution rate and the latest stabilization of the slip sys-
tems activity. In the SO-VPSC model, the rate of increase of the
[100](010) activity is intermediate, but the decrease in the activity
of the [001](010) system is more marked. This is accompanied by
increase in the activity of one of the pyramidal systems, which ac-
counts for the higher polycrystal stresses predicted by this model.
The evolution slows down for shear strains higher than 4 and the
slip systems’ activity stabilizes for shear strains >6. The lower fi-
nal activity of the easy [100](010) is consistent with the higher
stresses in the SO model.

The evolution of the polycrystal strength in the different mod-
els may be compared to mechanical data from simple shear ex-
periments on olivine polycrystals at high temperature conditions
(Bystricky et al., 2000; Demouchy et al., 2012; Hansen et al., 2012a,
2012b). Similarly to CPO data, the various mechanical datasets
show a strong dispersion, but outline a common trend. The max-
imum yield stress is attained at low shear strains (<1). It is
followed by a marked weakening, which evolves into a quasi-
stationary behavior. At shear strains of 2-3, shear stresses are re-
duced by 25-30% relative to the peak value (Bystricky et al., 2000;
Demouchy et al., 2012). Stronger weakening (up to a factor 2) is
observed at higher shear strains (up to 14.2; Hansen et al., 2012a,
2012b). In addition, comparison of the polycrystalline and single
crystal data for olivine Fo90 (Bystricky et al.,, 2000 and Bai et al.,
1991) shows that the steady-state strength of the sheared poly-
crystals approaches the strength of crystals oriented as to maxi-
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the TGT-VPSC model, and the SO-VPSC model.

mize the activation of [100](010). These observations are partially
reproduced by the CDRX-CG model: steady state stresses are ~50%
lower than the peak ones and 1.5 times the CRSS of the [100](010)
system. However, both the weakening and the achievement of a

quasi-steady state are shifted towards higher shear strains, consis-
tently with the slower CPO evolution.

7. Predicting olivine CPO evolution in a corner flow

To test the CDRX-CG model for complex flow patterns, we
simulated the CPO evolution for the corner flow model used by
Castelnau et al. (2009) to compare the predictions of the differ-
ent existing micromechanical models. The modeled flow pattern
aims to represent the mantle flow beneath an oceanic ridge. We
analyze the CPO evolution and the slip systems activity along a
streamline containing a rapid change on the deformation from ver-
tical upwelling to horizontal shearing. The corresponding velocity
gradient history was discretized in incremental steps of 10° yrs or
less in order to keep the strain increment <1%; a total of 337 steps
were used. The iterative procedure was stopped with a tolerance of
104, As in the previous models, the starting texture is a random
aggregate of 500 orientations and the slip systems data are listed
in Table 1.

The CPOs at different positions along the streamline are pre-
sented in Fig. 8, together with the results for TGT-VPSC and SO-
VPSC simulations, which are consistent with those reported by
Castelnau et al. (2009). The evolution along the vertical is similar
in the three models. It is characterized by progressive alignment of
the [100] axis with the maximum finite strain ellipsoid axes. Dif-
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ferences between models appear at the start of the flow corner, at
~12 Myr. Both TGT-VPSC and SO-VPSC predict a dispersion of the
CPO in the corner, followed by very slow development of a new
CPO in the horizontal shear branch, which results in a weak [100]
maximum at 34.7° and 35.1° to the horizontal at the end of the
simulation, respectively. In contrast, CDRX-CG models predict much
less dispersion and faster reorientation of the CPO in the horizon-
tal branch. In work-based simulations, this re-orientation includes
the formation of a secondary [100] maximum at low angle to
the horizontal flow direction and progressive transfer of weight
from the maximum inherited from the previous flow direction. In
work-rate based simulations, the re-orientation takes place via an
anticlockwise rotation of the entire CPO, which allows for subpar-
allelism of the [100] maximum with the horizontal rapidly after
the exit of the corner flow. The difference among these models
indicates that in a complex flow the rate of re-orientation of the
CPO relative to the rate of change of the deformation field plays
an essential role on the final CPO. The more effective formation of
subgrains in work-rate based CDRX-CG model results in faster CPO
re-orientation rates and less dispersion of the CPO. To further test
the importance of the CPO evolution in the corner region, we con-
ducted simulations in which the TGT-VPSC model was used until
16 Myr (that is the end of the corner flow) and then the CDRX-CG
model was applied or vice-versa (Supplementary Material Fig. S2).
In both cases, the change in the model for the horizontal shearing
path does not change significantly the CPO predictions at 24.1 Myr.
It is interesting to note that opposite to the evolution observed for
simple shear of an initially random polycrystal, where the CDRX-

CG model predicts lower CPO strength relatively to the TGT-VPSC
model, in a complex flow the CDRX-CG model results in stronger
CPO.

We do not have direct observations of the CPO evolution be-
neath an oceanic ridge, but seismic anisotropy measurements at
oceanic ridges, such as the MELT data, show shear wave splitting at
stations close to the ridge with fast polarization directions normal
to the ridge and strong delay times (Wolfe and Solomon, 1998). Pn
data also indicates strong anisotropy with fast propagation paral-
lel to fossil spreading directions in the shallow suboceanic litho-
spheric mantle (e.g., Raitt et al., 1969). Finally, horizontal foliation
sections of ophiolites display strong olivine CPO (e.g., Boudier and
Coleman, 1981). All these observations point to preservation and
fast re-orientation of olivine CPO after the corner flow, with de-
velopment of a clear [100] maximum parallel to the spreading
direction. They are therefore consistent with the predictions by the
CDRX-CG work rate-based model.

8. Conclusions

We propose a simple scheme to model the effects of dynamic
recrystallization by subgrain rotation (CDRX) on the CPO evolu-
tion. This model simulates both the kinematic (fragmentation of
the crystals and misorientation of the subgrains relative to the
parent) and the mechanical effects (enhanced intragranular strain
heterogeneity and relaxed strain compatibility) of CDRX via a com-
posite grain scheme, in which the short-range interactions (within
a grain) follow a constant stress (lower bound) model whereas the
long-range interactions (between grains) are modeled by a VPSC
approach.

Comparison of the CPO evolution predicted by this model with
the results of tangent and second order VPSC models or of a model
in which only the kinematic effects of subgrain rotation recrystal-
lization (CDRX) are simulated shows that the enhanced intragran-
ular strain heterogeneity (relaxed strain compatibility) associated
with the formation of subgrains is a key factor for producing fast
rotation and early stabilization of olivine CPO during simple shear.
It also results in marked weakening at low shear strains and the
low steady-state stress of the textured aggregates during continued
simple shear (<2 times the critical resolved shear stress for the
easier [100](010) system). Both predictions are qualitatively con-
sistent with mechanical data for olivine polycrystals deformed in
simple shear at high temperature conditions.

In conclusion, the CDRX-CG model better simulates both the
CPO evolution in simple shear and its effect on the mechanical
behavior of the polycrystal, which are underestimated by tangent
VPSC models. The present model is therefore more akin to simu-
late correctly the effects of texture induced-mechanical anisotropy
on the mantle dynamics. In addition, the proposed recrystalliza-
tion model may be easily implemented in more sophisticated VPSC
models, like the SO approach.
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