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Abstract To investigate the mechanism that produces the crystallographic preferred orientations (CPO)
characteristic of sheared partially molten rocks of mantle composition, we analyzed the microstructures of
samples of olivine plus 7% basaltic melt deformed in torsion to shear strains as large as c5 13.3. Electron
backscattered diffraction (EBSD) observations reveal a CPO characterized by a weak a-c girdle in the shear
plane that develops by c � 4. This CPO, which exhibits a slightly stronger alignment of [001] than [100] axes
in the shear direction, changes little in both strength and distribution with increasing stress and with
increasing strain. Furthermore, it is significantly weaker than the CPO observed for dry, melt-free olivine
aggregates. Orientation maps correlated with grain shape measurements from tangential, radial, and trans-
verse sections indicate that olivine grains are longer along [001] axes than along [100] axes and shortest
along [010] axes. This morphology is similar to that of olivine grains in a mafic melt. We conclude that the
weak a-c girdle observed in sheared partially molten rocks reflects contributions from two processes. Due to
their shape-preferred orientation (SPO), grains rotate to align their [001] axes parallel to the flow direction.
At the same time, dislocation glide on the (010)[100] slip system rotates [100] axes into the flow direction.
The presence of this CPO in partially molten regions of the upper mantle significantly impacts the
interpretation of seismic anisotropy and kinematics of flow.

1. Introduction

Shear deformation of partially molten, olivine-rich aggregates at modest confining pressures produces a
crystallographic preferred orientation (CPO) distinctly different from that obtained in similar laboratory
experiments on melt-free samples. In the latter, [100] axes strongly align approximately parallel to the
shear direction with [010] axes nearly perpendicular to the shear plane, as illustrated in Figure 1a. This
CPO suggests a dominant role of glide on (010)[100] (Phakey et al., 1972), the weakest slip system in oliv-
ine under modest-pressure, high-temperature, anhydrous conditions (Bai et al., 1991; Durham & Goetze,
1977; Ricoult & Kohlstedt, 1985). In contrast, in sheared melt-bearing samples, while [010] axes still
strongly align nearly perpendicular to the shear plane, [100] and [001] axes form a weak girdle in the
shear plane with a slight preference for [001] in the shear direction (sometimes referred to as AG-type,
Mainprice, 2007), as sketched in Figure 1b. This change in the CPO observed for melt-free samples to that
obtained for melt-bearing samples constitutes the ‘‘a-c switch’’ first documented by Holtzman et al.
(2003a).

The simplest explanation or the null hypothesis for the formation of this weak, girdled CPO involves defor-
mation on both the (010)[100] and the (010)[001] slip system with a slightly greater contribution from the
latter to the total strain. This explanation, however, conflicts with results from measurements of creep prop-
erties of olivine single crystals, which demonstrate that the (010)[001] slip system deforms almost a factor of
103 more slowly than the (010)[100] slip system under identical thermomechanical conditions (Durham &
Goetze, 1977). Possible changes in chemical environment, such as silica activity associated with the pres-
ence of melt, produce only a very modest change in the relative strengths of these two slip systems (Bai
et al., 1991; Ricoult & Kohlstedt, 1985). Furthermore, the fabric expected for deformation dominated by the
(010)[001] slip system, which is illustrated in Figure 1c, primarily develops at high stresses under hydrous
conditions (Jung & Karato, 2001) and at very high pressures under anhydrous conditions (Couvy et al., 2004;
Ohuchi et al., 2011; Raterron et al., 2009), not those explored in the present study.
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An alternative hypothesis for the a-c switch (Holtzman et al., 2003b;
Kohlstedt & Holtzman, 2009) emphasized the importance of stress-
induced anisotropy in melt distribution in partially molten rocks
observed in experiments (Bussod & Christi, 1991; Daines & Kohlstedt,
1997; Kohlstedt & Zimmerman, 1996; Takei, 2001; Zimmerman et al.,
1999). For grain boundaries normal to the least compressive stress in
partially molten samples of an olivine-basalt analog stressed in uni-
form pure shear, the fraction of grain boundary area replaced by melt
increased relative to that in an unstressed sample (Takei, 2001). This
behavior also occurs in samples of olivine plus basalt deformed in tor-
sional shear to low strains (M. Peč, personal communication, 2017). At
high shear strains (c > 1), this melt preferred orientation (MPO)
rotates from 458 to 15–258 to the shear plane, still antithetic to the
shear direction (Holtzman et al., 2003b; King et al., 2010; Kohlstedt &
Zimmerman, 1996; Zimmerman et al., 1999). Based on these observa-
tions, it was proposed that the a-c switch occurred because melt align-
ment causes strain to partition between deformation mechanisms
(diffusion creep, dislocation-accommodated grain boundary sliding,
and dislocation creep) in an anisotropic manner such that the relative
contribution of each mechanism depends on direction in the sample. In
this conceptual model, deformation in the shear plane in the shear
direction is preferentially accommodated by melt-assisted grain-bound-
ary diffusion creep (Cooper & Kohlstedt, 1986), reducing the need for

dislocation glide to accommodate deformation and thus reducing a axis alignment in the shear direction. This
anisotropy in the relative contributions of various deformation mechanisms to strain is possible if deformation
occurs near the boundary between dislocation-accommodated grain boundary sliding and diffusion creep (de
Bresser et al., 2001; Hansen et al., 2011; Hirth & Kohlstedt, 2003; Kohlstedt & Hansen, 2015).

In the present paper, we propose a new hypothesis for inducing the a-c switch based on detailed micro-
structural analyses of samples of olivine 1 basalt deformed to high strain. Our proposed mechanism
involves contributions from shape-controlled grain rotation of elongated olivine grains (e.g., Miyazaki et al.,
2013) and from crystal plasticity (e.g., Zhang & Karato, 1995), both coupled with grain-boundary sliding
(GBS). Grains in our partially molten samples exhibit a clear shape-preferred orientation (SPO), with the lon-
gest axes along [001] and shortest axes along [010]. This morphology is similar to that of olivine grains in an
ultramafic melt (e.g., Fleet, 1975; Schwindinger & Anderson, 1989; t’Hart, 1978). The CPO observed in
sheared partially molten olivine-basalt aggregates then develops by alignment of the long axis in the flow
field combined with dislocation glide on the (010)[100] slip system.

2. Methods

2.1. Sample Preparation and Deformation Experiments
Samples were fabricated from mixtures of fine-grained powders of olivine and 10 vol % either mid-ocean ridge
basalt (MORB) (Cooper & Kohlstedt, 1984) or Hawaiian alkali basalt (C. P. Conrad, personal communication, 2014;
Morgan & Liang, 2003). Details concerning the preparation of samples and deformation assembly are summa-
rized in Qi et al. (2015). After fabrication, the undeformed samples have an average melt fraction of 0.07.

A series of high-strain torsion experiments were performed to induce CPOs in the olivine aggregates. Sam-
ples were deformed at T 5 1,473 K and P 5 300 MPa in a gas-medium apparatus fitted with a torsion actua-
tor (Paterson & Olgaard, 2000) to outer-radius, R, shear strains of 2:6 � cðRÞ � 13.3. The torsion experiments
were performed at a constant twist rate, yielding outer-radius shear strain rates, _cðRÞ, of �1024 s21 for
olivine 1 MORB samples and �1023.5 s21 for olivine 1 alkali basalt samples. After achieving the target
strain, each sample was cooled rapidly (�2 K/s) to 1,300 K under the same torque as imposed at the end of
the deformation experiment to preserve the deformation-produced microstructure and then cooled to
room temperature with no torque applied. After deformation, samples have an average melt fraction
between 0.04 and 0.06 (e.g., Qi et al., 2013, Table 1, experiment 0609).

Figure 1. Schematic drawings of (a) A-type, (b) ‘‘a-c switch,’’ and (c) B-type
crystallographic fabrics. Pole figures are shown for each of the three principal
crystallographic axes. Gray regions denote the dominant orientations of grains.
The sense of shear is top to the right.
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2.2. Mechanical Data and Rheology
Rotation angle and torque were recorded as a function of time during each experiment to determine shear
stress, s, shear strain, c, and shear strain rate, _c. To determine s, corrections to the measured torque were
made to account for the strength of the Fe jacket and Ni canister. s was then calculated from the corrected
torque, M, using the relationship (Paterson & Olgaard, 2000)

s5
31 1

n

� �
M

2pR3
; (1)

where the value of the stress exponent, n, is characteristic of the deformation mechanism. The rotation
angle was converted to c by taking into account the sample dimensions. Equivalent stress, req, and equiva-
lent strain rate, _Eeq, were calculated from s and _c using the relationships

req5
ffiffiffi
3
p

s and _Eeq5
_cffiffiffi
3
p : (2)

The results were then fit to a power law constitutive equation of the form

_Eeq / rn
eq: (3)

Strain-rate stepping tests were performed to determine n. In each strain-rate-step experiment, after the sample
was sheared at a constant strain rate, _c0, to a strain large enough to produce a steady state microstructure and
an approximately constant flow stress, the strain rate was increased or decreased to a new value, _c1, and held
constant until the peak stress was reached. The strain rate was then returned to _c0 and maintained for a period
of time to recover the steady state microstructure. For two samples, multiple strain rate steps were made.

Within a torsion sample, shear strain rate increases linearly with increasing radius, r. If the deformation
mechanism does not change from _cð0Þ5 0 at the center of the sample to its maximum value of _cðRÞ5_cmax

at the outer radius, then (Paterson & Olgaard, 2000)

sðrÞ=sðRÞ5 r
R

� �1=n
: (4)

2.3. Analysis of Crystallographic Orientations
After each deformation experiment, polished sections of the sample were prepared for analyzing the crys-
tallographic orientations. First, the iron jacket and the nickel capsule were dissolved with acid, revealing the
strain marker that had been introduced as a shallow scratch on the outer surface of the sample prior to the
deformation experiment. Then, for each sample, a tangential section was cut. In addition, for one sample, a
transverse section and a radial section were cut through its axial center. The location of the tangential,
transverse, and radial sections are illustrated in Figure 2a. Each section was polished down to a diamond
grid size of 0.5 lm, followed by a final step with colloidal silica.

To obtain crystallographic orientation data, high-resolution orientation maps with a relatively small step
size of 0.35 or 0.5 lm were collected for all sections using a scanning electron microscope equipped with

Table 1
Summary of Experiments

Sample Melt reqðRÞ (MPa) _EeqðRÞ (s21) cðRÞ da (lm) EBSD section

PT0609 MORB 160 7.8 3 1025 10 3.7 Tangential c � 9.1, req � 153 MPa
PT0705 MORB 190 1.8 3 1024 13.3 3.1 Tangential c � 11.3, req � 176 MPa
PT0765 Alkali basalt 177 2.2 3 1024 2.6 3.4 Tangential c � 2.4, req � 171 MPa
PT0767 Alkali basalt 187 2.3 3 1024 11.1 3.1 Tangential c � 10.1, req � 180 MPa

Radial 0 � c � 11.1
Transverse c � 0

PT0775 Alkali basalt 176 1.5 3 1024 8.5 3.5 Tangential c � 7.8, req � 170 MPa
PT0817 Alkali basalt 197 2.3 3 1024 5.0 3.6 Tangential c � 4.6, req � 190 MPa

Note. EBSD section refers to the section and its corresponding shear strain and equivalent stress that EBSD data is
collected. ad is the grain size measured from the tangential section of each sample.
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electron-backscattered diffraction (EBSD) system. Raw orientation
data were processed with HKL Channel5 software, including removal
of single misindexed points, assigning unindexed points the average
orientation of neighboring grains, and removal of systematic misin-
dexed points, as outlined in previous studies (e.g., Bystricky et al.,
2006; Hansen et al., 2011). Orientation distributions were generated
using the MTEX toolbox in MATLAB (Bachmann et al., 2010). Each ori-
entation distribution was derived from at least 500 individual grains. A
critical misorientation angle of 108 was used to separate grains. Clus-
ters of less than five pixels were omitted from calculations of grain
size values for each sample. The mean grain size for each sample was
determined by taking the mean of the equivalent diameter of the
grains calculated from the area.

To quantify the orientations of crystallographic axes relative to the
shear direction, the angle h is introduced as the angle between the
shear direction in the (010) plane and the modal orientation of a cer-

tain group of crystallographic axes, as illustrated in Figure 2b. For example, to obtain h½100�, a great circle
(green ellipse in Figure 2b), that is, the (010) plane, was first fit normal to the modal orientation of [010]
axes (solid green line). Next, the intersection between the (010) plane and x-y plane is taken as the shear
direction in the (010) plane (dashed green line). Then the angle between the dashed green line and the
modal orientation of [100] axes (red line) is h½100�. By comparing the angles within the (010) plane, the distor-
tion from the counterclockwise rotation of the fabric is minimized. For a typical A-type fabric, 0 � h½100�
� 20� and 70� � h½001� � 90�.

To quantify the strength of the fabrics, both the J-index (Bunge, 1982) and the M-index (Skemer et al., 2005)
were used. From uniformly distributed orientations to a single crystal orientation, the J-index, based on a
calculated orientation distribution function, increases from 0 to infinity, while the M-index, based on the dis-
tribution of uncorrelated misorientation axes, increases from 0 to 1.

To quantify the shape of the distribution of crystallographic axes in pole figures, an eigenvalue analysis fol-
lowing Woodcock (1977) was employed. Normalized eigenvalues, S1, S2, and S3, calculated from the orienta-
tion tensor, have relationships

S11S21S351 (5)

and

S1 � S2 � S3: (6)

The shape factor of the distribution of axes, K, is then defined by

K5
ln ðS1=S2Þ
ln ðS2=S3Þ

: (7)

On a pole figure, K > 1 indicates that the distribution of axes forms a cluster, and K < 1 indicates that the
distribution of axes forms a girdle.

2.4. Analysis of Geometrically Necessary Dislocations
To identify and quantify the dislocation types giving rise to lattice curvature, that is, the geometrically nec-
essary dislocations, GNDs, in olivine within a sheared partially molten sample, we carried out high-angular
resolution EBSD analysis (HR-EBSD) (Wilkinson et al., 2006). An EBSD map of 250 3 175 points at a step size
of 0.2 lm was collected from within a melt-rich band on the transverse section of sample PT0767. Diffrac-
tion patterns were collected with 2 3 2 binning of CCD pixels and saved for HR-EBSD processing. The trans-
verse section was chosen so that most [100] and [001] directions are at low angles to the plane of the map,
which is overall the optimal configuration for measuring curvature arising from dislocations with these Bur-
gers vectors (Wallis et al., 2016; Wheeler et al., 2009). HR-EBSD utilizes image cross correlation of diffraction
patterns to achieve precisions on the order of 0.018 in measurements of lattice orientation gradients (Wilkin-
son et al., 2006). This improved angular resolution lowers the noise floor of associated GND density

Figure 2. (a) Sketches illustrating tangential, transverse, and radial sections
used in this paper. (b) Sketch illustrating the determination of the [100]-axes
angle from a pole figure. White stars on pole figures show the modal
orientations.
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estimates, permitting more details of the substructure to be resolved
than would be possible using misorientation measurements from con-
ventional EBSD (Jiang et al., 2013; Wallis et al., 2016). Lattice orienta-
tion gradients were converted to lower-bound estimates of GND
densities following the approach of Wallis et al. (2016, 2017), who con-
sidered six dislocation types.

2.5. Analysis of Grain Shape
EBSD data were analyzed with HKL Channel5 software to reconstruct
the grain structure, defining grain boundaries as interfaces with misor-
ientations of >108. Each grain was fit with an ellipse to obtain its
aspect ratio and orientation. Then, in each of the tangential, radial
and transverse sections, grains were organized into two groups with
respect to their crystallographic orientations—[100] axes subparallel
and [100] axes subnormal to shear direction. The selection was per-
formed in HKL Channel5 software by picking a subset of grains with
crystallographic orientations that lay within �208 around the target
crystallographic orientation. Grains with an area of less than 2 lm2

were excluded, since they do not contain enough pixels to derive reli-
able values of aspect ratio and slope of the ellipse. Each group con-
tained 600–2,200 grains. For each group of grains, the SPO is
illustrated by a rose diagram, and the distribution of aspect ratios is
illustrated by a histogram. Thus, the shapes are obtained for grains
with selected crystallographic orientations for comparison with the
associated CPOs.

3. Results

3.1. Mechanical Data
To facilitate comparison of CPOs from different samples, all samples
were deformed at an equivalent outer-radius strain rate of _EeqðRÞ5
(2.0 6 0.5) 31024 s21 producing an equivalent outer-radius stress of
reqðRÞ5 187 6 11 MPa, with the exception of sample PT0817. The
stress exponents determined from strain-rate-step experiments are n
� 2.1 for PT0705 and n � 2.4 for PT0817, as illustrated in Figure 3.
Mechanical data and EBSD mapped sections for all samples are sum-
marized in Table 1.

The shear strain of each sample was determined by multiplying applied
strain rate with time and by measuring the angle of the strain marker
relative to shear direction; the two methods gave the same result. No
axial shortening or lengthening was found in these samples.

3.2. CPO Evolution with Radius
To investigate the evolution of CPO with increasing radius in a partially molten rock deformed in torsion,
nine individual orientation maps from a radial section of sample PT0767 were stitched together. This orien-
tation map, which is presented in Figure 4a, covers a 6 mm long by 0.2 mm wide section extending from
the center to the edge of the sample, with shear strain increasing from 0 to 11.1. With a step size of 0.5 lm,
this map contains 177 thousand grains and 2.4 million data points with <15% unindexed. With the shear
stress at the outer radius sðRÞ � 108 MPa as calculated by equation (1), s at radius r calculated using equa-
tion (4) with n � 2.4 is plotted in Figure 4b. Due to base-state melt segregation that occurs in partially mol-
ten rocks deformed in torsion (Takei & Katz, 2013), the melt fraction gradually decreases with increasing
radius, as demonstrated for sample PT0767 in Figure 4b (for details, see Qi et al., 2015).

In the low-resolution orientation map in Figure 4a and the much larger full-resolution map in the online
supporting information, grains are colored by orientations of [100] axes, with green representing [100] axes

Figure 3. Mechanical data for samples of olivine 1 melt deformed in torsion at
T5 1,473 K and P5 300 MPa. (a) Plot of stress versus strain for a sample of
olivine 1 alkali basalt. Three different strain-rate steps were obtained during
deformation. (b) Log-log plot of equivalent strain rate vs. equivalent stress for
all samples used in this study. The solid lines are linear least square fits to multi-
ple strain-rate steps obtained for two samples. Colors of lines corresponds with
colors of data points (blue—PT0817, red—PT0705). The stress exponent, n, is
indicated for each fit in the figure. Samples: PT0609: 1, PT0705: 3 (in red),
PT0765: �, PT0767: q, PT0775: w, and PT0817:	 (filled in blue).
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aligned parallel to the shear direction and red representing [100] axes aligned normal to the shear direction.
Pole figures processed from orientation data of six evenly spaced regions from the radial section, which are
marked by rectangles on the map in Figure 4a and gray bars on the plot in Figure 4b, provide a clear illus-
tration of fabric evolution along the radius. For easy comparison with results obtained from analyses of
other sections, the deformation geometry in these pole figures is converted such that the sense of shear is
top to the right in Figure 4c. Except for pole-figure set I for c < 1, which has clustered [010] axes aligning
normal to the shear plane, all other sets of pole figures feature strongly clustered [010] axes rotated 20–258

Figure 4. (a) Orientation map for a radial section of sample PT0767. (b) Plot of shear stress and melt fraction vs. radius.
Shear stress is normalized to the shear stress at the outer edge, sðRÞ � 108 MPa. Melt fraction is normalized to its average,
0.05. (c) Six sets of pole figures at different radii, with their corresponding regions marked in both the orientation map in
Figure 4a and the plot in Figure 4b. Each pole figure is processed from more than 1000 grains using MTEX toolbox in
MATLAB (Bachmann et al., 2010). Pole figures are universally colored by their multiples of uniform distributions (MUD),
which is illustrated in the color bar. The maximum and minimum values of MUDs are listed for each pole figure. The sense
of shear for the pole figures is top to the right. J- and M-indexes are included for each region.
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counterclockwise from the normal to the shear plane combined with weakly girdled [100] and [001] axes.
Although [100] and [001] axes are girdled, the modal orientation of [001] axes is consistently at a low angle
to the shear direction, while the modal orientation of [100] axes is subperpendicular to the shear direction
in the shear plane. For pole-figure sets II–VI, although sðrÞ increases from �54 to �102 MPa and cðrÞ
increases from �2.5 to �10, the strength and shape of the fabric change very little.

The variation in the orientations of [100] and [001] axes with radius documents the occurrence of the a-c
switch, as presented in Figure 5a. For each data point in this figure, h½100� and h½001� were calculated using
orientation data of a 200 3 200 lm region in the radial section. At r > 2.2 mm (c > 4), values of h½100� are
mostly above 608, far from the value of 08 to 108 expected for the A-type fabric produced by the (010)[100]
slip system. In the same region, values of h½001� are mostly between 108 and 408, again, far from the range of
708 and 908 for the A-type fabric. Thus, the high angle of h½100� and the low angle of h½001� indicate that at
r> 2.2 mm a CPO is established with a somewhat stronger alignment of [001] than [100] axes in the shear
direction.

As illustrated in Figure 5b, the J-indexes and M-indexes both increase with increasing radius. However,
across this radial section, which spans a shear strain of 0–11, the increases in both texture indexes are mod-
est, �0.8 for the J-index and �0.09 for the M-index, relative to the strength of A-type fabrics, which have
been recorded to have J-indexes and M-indexes with values up to 29.4 and 0.69 at a shear strain of 11 (Han-
sen et al., 2014).

In Figures 5c and 5d, the shape factors for the distributions of crystallographic axes are plotted versus
radius. The distributions of [100] and [001] axes remain in the girdled field (K < 1) for all radii with slight var-
iation along radius. The distribution of [010] axes remains in the clustered field (K > 1) for all radii. The value
of K for [010] axes varies significantly for r < 4 mm but becomes steady for r > 4 mm.

3.3. CPO Evolution With Strain
Observations from tangential sections of six samples deformed to shear strains of 2.4 � c � 11.3 offer
insight into the evolution of CPO with strain. In particular, results from the four olivine 1 alkali basalt

Figure 5. Evolution of fabric with radius for a radial section of a sample sheared to cðRÞ5 11.1 (PT0767). The translucent
orange and green curves in the background of plots (a)–(d) are the changes with radius of melt fraction and stress,
respectively, from Figure 4. (a) Plot of axes angles vs. radius. The red and blue shades in the plot suggest h½100� and h½001�
for a typical A-type olivine fabric. (b) Plot of J- and M-indexes vs. radius. (c) Plot of shape factor K for the distributions of
[100] and [001] axes versus radius. (d) Plot of shape factor K for the distribution of [010] axes versus radius. The gray
horizontal line is K5 1.
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samples, which were deformed at approximately the same shear strain rate, and thus, similar stresses, pro-
vide a suitable basis for the investigation of the evolution of CPOs with strain.

In the top pole figure in Figure 6a from a sample with the tangential section at c � 2.4, although the crystal-
lographic fabric is weak with J-index 5 1.49 and M-index 5 0.037, the distribution of [010] axes displays a
counterclockwise rotation from the normal to the shear plane. However, at this strain, no clear preference
exists for alignment of [100] or [001] with the shear direction. In contrast, in the pole figures in Figures 6a
and 6b from the five samples deformed to c > 4, the [100] and [001] axes form a girdle with a weak but
clear alignment of [001] axes at a low angle to the shear direction. Again, the [010] axes form a cluster
rotated counterclockwise from the normal to the shear plane.

As summarized in Figures 6a and 6b for the five samples deformed to c > 4, the angle h½100� varies between
718 and 898, and h½001� varies between 18 and 198; neither angle shows an obvious correlation with increas-
ing strain. The J-indexes and M-indexes generally increase with increasing strain, and the olivine 1 alkali
basalt samples have somewhat stronger fabrics than olivine 1 MORB samples at similar strains.

To further explore fabric evolution with increasing strain, orientation data from all six samples are plotted in ln
ðS1=S2Þ2ln ðS2=S3Þ space (see equation (7) in section 2.3) for the three principal crystallographic axes in Figure
7. In this plot, fabric strength, which increases with increasing distance from the origin, clearly increases with
increasing strain for all three principal crystallographic axes. At all strains, [100] and [001] axes have similar fab-
ric strengths, but both are smaller than those of the [010] axes. The distribution of [010] axes starts as a girdle
at c � 2.4, then evolves to a cluster at c > 4; that is, for [010] axes, the shape factor K, which is the slope of

Figure 6. Pole figures of crystallographic orientations and plots of rotation axes at subgrain boundaries (2–108) for tangential sections at different strains. J-index,
M-index, h½100� and h½001� are calculated based on the complete orientation data for each section. K is calculated for each crystallographic axis. (a) Results from
samples of olivine 1 alkali basalt. (b) Results from samples of olivine 1 MORB. (c) Results from deformed samples of Fo50 for comparison (Hansen et al., 2014,
samples PT0640 and PT0651). (d) Results from deformed samples of San Carlos olivine for comparison (Tielke et al., 2016, samples PT0951).
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the line that connects the data point to the origin, increases with
increasing strain. The distributions of [100] and [001] axes share a simi-
lar trend, starting as clusters at c � 2.4 and becoming girdled at c > 4.
However, K for [100] and [001] axes does not change with increasing
strain for c > 4. In Figure 7, the evolution paths for the principal axes of
the four samples of olivine 1 alkali basalt series are indicated by bold-
colored arrows, while the light arrows correspond to trends in melt-free
samples (Hansen et al., 2014).

To further reveal the differences in the evolution of fabric strength
with increasing strain for melt-bearing and melt-free olivine, M-
indexes of samples in this study and in Hansen et al. (2014) are plotted
with shear strain in Figure 8. At similar strains, M-indexes of melt-
bearing olivine are lower than those of melt-free olivine. M-index
increases with increasing strain in both groups of samples; however,
the rate of increase of the M-index with increasing strain is larger for
melt-free olivine than for melt-bearing olivine.

3.4. CPOs In and Out of a Melt-Enriched Band
To examine the influence of melt-enriched bands on CPO, pole figures
were processed from a melt-enriched band region and a melt-depleted
nonband region in a tangential section at c � 9:1 of an olivine 1 MORB
sample (PT0609). The comparison in Figure 9 of the pole figures from
these two regions reveals the following: (i) The general orientations and
distributions of crystallographic axes are similar in the two regions. (ii)
In terms of the J-indexes and M-indexes, the strength of the crystallo-
graphic fabric in the nonband region is somewhat stronger than that in
the band region. (iii) The counterclockwise rotation of the modal distri-
bution of [010] axes in the band region is more than 108 smaller than in
the nonband region (168 versus 308). (iv) In the band and nonband
regions, the average grain sizes are 3.1 and 3.6 mm, respectively.

3.5. Densities of GNDs
The maps of GND densities for six principle dislocation types in olivine
in Figure 10 reveal complex intragranular substructures composed of
subgrain boundaries and distributed dislocations. Many structures are
composed of several dislocation types, indicating a prevalence of both
subgrain boundaries and distributed lattice curvature with mixed char-
acter. Edge dislocations of the type (010)[100] are the most ubiquitous
and contribute to nearly all of the visible substructures. The mean den-
sity of (010)[100] edge dislocations, 2:831013 m22, is 1.5 to 2.2 times
greater than the density of any of the other dislocation types. The map
of GND densities for our deformed partially molten samples in Figure
10 is similar to the map of GND densities of melt-free olivine samples,
as illustrated in Figure S2 in the supporting information.

3.6. Grain Shape and Crystallographic Orientation
To explore the possibility that grain shape is crystallographically con-
trolled, as is the case for olivine grains in a basaltic melt, grain shape and
crystallographic orientation were examined for three orthogonal surfaces
of an olivine 1 alkali basalt sample (PT0767) deformed to cðRÞ5 11.1.
The orientations of the crystallographic axes of selected grains are exam-
ined in Figure 11 with pole figures, rose diagrams of the orientations of
grain long axes, and histograms of aspect ratios. Consider, for example,
Figure 11a, the light gray girdles and clusters in the background repre-
sent the overall CPO observed in this section. The yellow stars in the pole

Figure 7. Evolution of crystallographic fabric strength and shape with strain. S1,
S2, and S3 are the eigenvalues of the orientation tensor as defined by Wood-
cock (1977). Fabric strength increases with increasing distance from the origin.
The degree of clustering/girdling increases with proximity to the ordinate/
abscissa. Shear strain is marked for each data point in the plot. The
bold-colored arrows indicate the trend of fabric evolution with strain in
olivine 1 alkali basalt samples, with their colors corresponding to the crystalline
axes. The light arrows are the trends of fabric evolution with strain in dry,
melt-free olivine samples from Hansen et al. (2014).

Figure 8. Evolution of M-index with strain. Red dots represent the melt-bearing
olivine samples in this study. Blue dots represent dry, melt-free olivine samples
from Hansen et al. (2014). Arrows mark the trends of M-index evolution with
shear strain.
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figures indicate the reference orientation for the subset of grains used to make the other plots in this panel. The
subset of grains was selected with [010] and [001] axes distributed in the regions indicated by blue points, such
that the orientations of these grains lie within 20–308 to the target orientation. Each grain in this subset is fitted
with an ellipse with its long-axis orientation plotted in the rose diagram and aspect ratio plotted in the histo-
gram. This information permits a comparison of the preferred orientations of crystallographic axes with the ori-
entation of long axes of grains.

In tangential sections, since [010] axes form strong point maxima subperpendicular to the shear plane, com-
parisons are only obtained between the relative lengths of grains along [100] and [010] axes, Figure 11a, and
between the relative lengths of grains along [001] and [010] axes, Figure 11b; these comparisons reveal that
grains are shortest along [010] axes. In radial sections, Figures 11c and 11d, again grains are observed to be
shortest along [010] axes. In transverse sections, the relative lengths of grains along [100] and [001] axes are
compared. In Figure 11e, the modal orientation of the long axes correlates the modal orientation of [001]
axes, indicating that grains are longer along [001] axes than along [100] axes. In Figure 11f, it is notable that
the modal orientation of the long axes is rotated 308 from the modal orientation of [001] axes. Note that this
transverse section is at the center of sample PT0767, where very little deformation has occurred; thus, the
grain shapes are unlikely to have been altered by deformation. The histograms for all sections demonstrate
that the elongations of the grains are significant with an average aspect ratio of �1.5.

3.7. CPO and SPO
To examine the relationship between CPO and SPO for the five higher-strain (c > 4) samples that exhib-
ited the a-c switch, pole figures highlighting the CPOs and rose diagrams quantifying the SPOs are pre-
sented in Figure 12. Specifically, the modal orientations of [001] axes are compared to the SPOs because,
as demonstrated in the previous section, grains are elongated along their [001] axis. For the sample
deformed to the lowest strain in this group, c � 4.6, the pole figures in Figure 12a exhibit a weak A-type
fabric with [100] axes forming a weak point maximum subparallel to the shear direction. Meanwhile, the
SPO lies �54� to the shear direction, strikingly different than the orientation of [001] axes. In contrast, for

Figure 9. Comparison of CPOs in a melt-enriched ‘‘band’’ region and in a melt-depleted ‘‘nonband’’ region in the tangen-
tial section of sample PT0609. (a) The orientation map is colored by the aspect ratios of grains. White pixels are unindexed
points, which are taken as melt. The parallelogram-shaped region noted as ‘‘band’’ is a melt-enriched band. The
parallelogram-shaped region noted ‘‘nonband’’ is a melt-depleted region. (b) From top to bottom, the three sets of pole
figures are for the whole section, nonband region and band region, respectively.
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samples deformed to c � 7:8, the modal orientations of [001] axes and the SPOs both lie 21–30� to the
shear direction.

4 Discussion

4.1. A Model to Explain the a-c Switch
In the previous section, our observations on samples deformed to high shear strains combined with previ-
ously published observations (Holtzman et al., 2003a; Kohlstedt & Holtzman, 2009) revealed two clear differ-
ences between the CPOs of olivine deformed in the absence and presence of 7 vol % basaltic melt. First,
the CPOs of the olivine plus melt samples are always much weaker than those of single-phase olivine. Sec-
ond, the a-c switch is evident by c � 4 in the melt-bearing samples. The a-c switch is characterized by three
key features—(i) girdles of [100] and [001] axes at a low angle to the shear plane, (ii) weakly aligned, shear-
normal [100] axes in the shear plane, and (iii) antithetic rotation of the fabric with strongly aligned [010]

Figure 10. Maps of the density of geometrically necessary dislocations (GND) for the six principle dislocation types in
olivine within a melt-rich band on a transverse section of PT0767. Also given is the mean density of each dislocation type
across the map area.
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Figure 11. Comparison of orientation of crystallographic axes with direction of the long axes of selected subsets of grains. In plots (a)–(f), the blue and red points
in the pole figures indicate the subsets of grains that were selected based on their crystallographic orientations, the rose diagrams show the orientations of the
long axes of this subset of grains, and the histograms illustrate their aspect ratios. The gray regions in the pole figures represent the overall CPO, and the yellow
stars represent the reference orientation of the subset of grains. In the rose diagrams, the length of each bar corresponds to the fraction of grains with a specific
orientation. The relative lengths of grains along the three crystallographic axes are summarized in the far right-hand column.
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Figure 12. The relationship between SPO and CPO observed in tangential sections of the five samples sheared to c > 4. Pole figures and rose diagrams are proc-
essed from grains with grain areas greater than 10 lm2 and aspect ratios greater than 1.5. J-index, M-index, [100] axes angle, and [001] axes angle were calculated
for each crystallographic fabric. Fabric shape factor K is calculated for each crystallographic axis. The angle, w, noted on each [001] pole figures lies between the
shear direction and the projections of the modal orientations of [001] axes on the tangential surface (the plane of observation). The angle between the long axes
of grains and the shear direction is noted on each rose diagram.
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axes normal to the shear plane. In developing a model that explains these key features, we compare the
CPOs observed in this study with those reported for melt-free olivine (section 4.1.1), review the explanation
previously published for the antithetic rotation of the fabric (section 4.1.2), and discuss the evidence for a
SPO-induced CPO (section 4.1.3). With the insights from these subsections, we establish a melt-assisted,
SPO-induced CPO model (section 4.1.4) to explain the a-c switch.
4.1.1. Comparison of CPOs of Sheared Melt-Bearing and Nominally Melt-Free Samples
A comparison with the CPO formed in sheared samples of melt-free olivine provides insight into the
mechanisms responsible for the CPOs observed in sheared samples of olivine plus melt. Pole figures for
three samples of nominally melt-free olivine are presented in Figure 6c for Fo50 and Figure 6d for San Car-
los olivine (Fo90). Both Fo50 samples were deformed in torsion at req 5 200 6 5 MPa and 1,473 K (Hansen
et al., 2014), conditions comparable to those used in our study. The San Carlos olivine sample was
deformed in torsion at req 5 197 MPa and 1,523 K (Tielke et al., 2016), a stress comparable to those used
in our study. We choose to compare the CPOs observed in melt-bearing olivine to that in melt-free Fo50

olivine for the following reasons. (1) As demonstrated in Figures 6c and 6d, Fo50 and San Carlos olivine
exhibit the same CPO in samples deformed to the same strain at similar stresses. Also, it has been demon-
strated that Fo50 is a good analog for San Carlos olivine in terms of CPO evolution (Hansen et al., 2014).
(2) A good database of CPOs for Fo50 samples deformed at the same experimental conditions already
existed (Hansen et al., 2014). (3) To keep the stress comparable to that used to deform melt-bearing oliv-
ine samples, San Carlos olivine samples have to be deformed at higher temperature, while Fo50 samples
can be deformed at the same temperature as used in our experiments.

At similar strains, in addition to the obvious differences in the orientations of the crystallographic axes, two
differences are striking: (1) Fabric strength is much higher in olivine samples than in olivine 1 melt samples;
and (2) in the nominally melt-free samples, the distribution of [100] axes is strongly clustered, while the dis-
tributions of [010] and [001] axes are girdled at lower strains and clustered at high strains. In contrast, only
the distribution of [010] axes is clustered in olivine 1 basaltic melt samples.

The evolution of crystallographic fabric shape for samples of olivine plus basalt is distinctly different from
that for samples of melt-free olivine, as demonstrated in Figure 7 with bold and light arrows, respectively. In
olivine samples, the distribution of [100] axes starts clustered and becomes more clustered with increasing
strain, while the distributions of [010] and [001] axes start as girdles but become clustered at high strains. In
contrast, in the olivine 1 alkali basalt samples, the distribution of [010] axes starts clustered and becomes
more clustered with increasing strain, while the distributions of [100] and [001] axes start as girdles and
remain girdled at high strains.

As illustrated in Figures 6a and 6b for partially molten samples, misorientation axes with misorientation
angles between 28 and 108 tend to be aligned with [001] and, to a lesser extent, with [010]. This observation
indicates that (010)[100] is the dominant slip system, assuming that subgrain walls have dominantly tilt
character (Hildyard et al., 2009; Lloyd et al., 1997; Prior et al., 2002). Similar misorientation axes developed in
sheared aggregates of nominally melt-free olivine samples (Hansen et al., 2014), as illustrated in Figure 6c. If
the a-c switch is a result of a change of the easy slip system from (010)[100] to (010)[001], one would expect

the misorientation axes to be aligned with [100], which is clearly not
the case for the samples examined here. Thus, a mechanism other
than a change in the dominant slip system must be responsible for
the observed CPOs.
4.1.2. Local Deformation Geometry
The counterclockwise rotation of [010] axes from the normal to the
shear plane at c� 2 occurs due to strain partitioning between the
melt-enriched and melt-depleted regions that result from stress-
driven melt segregation (Holtzman et al., 2005). As illustrated sche-
matically in Figure 13, an anastomosing network of melt-enriched
bands in sheared partially molten rocks forms at an angle a to the
imposed shear plane, synthetic to the bulk shear direction. These low-
viscosity regions deform more easily than melt-depleted regions.
However, because of strain incompatibility at the sample ends, the
imposed horizontal shear direction requires the nonband regions to

Figure 13. Schematic drawing illustrating strain partitioning. The thick gray
lines represent the melt-enriched bands and the thin dashed lines represent
the shear plane in the melt-depleted nonbands. The vector diagram below
illustrates the relationship in equation (8). Modified after Holtzman et al. (2005).
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accommodate shear strain at an angle b to the bulk shear plane, rotated antithetically to the imposed shear
direction. The relationship between the flow velocities in the two different regions is

~v t5ab~v b1ð12abÞ~v n; (8)

where~v t is the vector representing the flow velocity of the whole rock,~v b and~v n represent the flow veloci-
ties in the melt-enriched (band) and melt-depleted (nonband) regions, respectively, and ab is the area frac-
tion of the melt-enriched regions. A viscous energy dissipation analysis yielded b � 208 (Holtzman et al.,
2005; Katz & Takei, 2013; Takei & Holtzman, 2009; Takei & Katz, 2013), consistent with the observed counter-
clockwise rotation of [010] axes. Thus, the [010] axes are normal to the local shear plane, and [100] and
[001] axes lie in the local shear plane in the melt-depleted portions of a sample, as the bands only take a
small fraction of the total volume.
4.1.3. SPO-Induced CPO
A crystallographically controlled SPO can also induce a CPO (Miyazaki et al., 2013). Simple shear of elongate
grains rotates the long axis of these grains toward the shear direction (Ghosh & Ramberg, 1976; Ildefonse
et al., 1992a, 1992b), producing a SPO. If the elongate grain shape is crystallographically controlled, the SPO
results in a CPO.

Since olivine grains in our samples are on average longest along [001] axes, a SPO-induced CPO would align
[001] axes in the shear direction. In samples deformed to c� 7, the modal orientation of [001] axes approxi-
mately aligns with the SPO. Both lie between 208 and 308 to the applied shear direction in these samples,
that is, approximately parallel to the local shear direction. Thus, the observed alignment of [001] in the local
shear direction suggests that the SPO contributes to the CPO observed in our sheared partially molten
rocks. Due to grain rotation, the shortest direction of the oblate ellipsoidal grains, [010], aligns approxi-
mately normal to the local shear plane.
4.1.4. Melt-Assisted SPO-Induced CPO Model
We propose that a SPO-induced CPO develops in our experiments. If such mechanism is the only one occur-
ring, a CPO with [001] axes clustering parallel to the shear direction should develop. However, the observed
CPO is manifested as a weak fabric in the shear plane with girdles in the orientations of the [100] and [001]
axes suggesting a contribution to the CPO from dislocation glide on the (010)[100] slip system. Therefore,
we interpreted the development of CPO in sheared partially rocks in terms of the following processes.

1. At low strains (c� 1) before melt-enriched regions are well-developed (King et al., 2010), the sense of
shear locally within a sample is the same as the applied deformation. The weak CPO reflects a competi-
tion between a SPO-induced CPO and a dislocation-glide-produced CPO. The SPO-induced contribution
to CPO develops somewhat more slowly with increasing strain than does the dislocation-glide-produced
contribution, resulting in a very weak A-type fabric, as illustrated schematically in Figure 14a. The fabric
observed in radial section I in Figure 4 is at this stage.

2. At somewhat larger strains (1 �c� 4), melt segregation results in the formation of melt-enriched regions,
such that the CPO reflects strain partitioning between melt-enriched and melt-depleted regions with the
local sense of shear rotated �208 counterclockwise from the bulk shear direction, as indicated schemati-
cally in Figure 14b. The fabrics observed in tangential section in Figure 6a with c � 2.4 and in radial sec-
tion II in Figure 4 are at this stage.

3. At still larger strain, the contribution of shape-controlled rotation to the CPO overtakes the contribution
of lattice rotation due to dislocation glide. As a result, the CPO transitions from one with a weak align-
ment of [100] axes in the shear direction to one with a weak alignment of [001] axes in the shear direc-
tion. A combination of shape-controlled rotation and dislocation glide, therefore, results in the a-c girdle,
characteristic of the a-c switch, as illustrated schematically in Figure 14c. The fabrics in tangential sec-
tions in Figure 6a with c � 7 and radial sections III–VI are at this final stage.

In summary, our model incorporates deformation dominated by the easy slip system, (010)[100], and the
rotation of crystallographically controlled lentil-shaped olivine grains with long along [001] axes and short
along [010]. In the next two subsections, we will discuss the evidence for these two processes.

4.2. Dislocation Activity
The stress exponent of n5 2.1–2.4 determined for our samples of olivine 1 basaltic melt in Figure 3
suggests a significant contribution from dislocations to deformation (e.g., Kohlstedt & Hansen, 2015).

Geochemistry, Geophysics, Geosystems 10.1002/2017GC007309

QI ET AL. OLIVINE CPO IN PARTIALLY MOLTEN ROCKS 330



Furthermore, based on the marked dependence of creep rate on grain size for partially molten rocks
deformed under similar conditions (Hansen et al., 2011; Hirth & Kohlstedt, 1995; Wang et al., 2010),
we conclude that the samples in this study were deformed in the dislocation-accommodated GBS
regime.

The inverse pole figures for misorientation axes in Figures 6a and 6b demonstrate that there are significant
distortions within grains that are induced by dislocations. In Figure 10, the high density of geometrically
necessary dislocations demonstrates the important role of glide to deformation in our samples. The plots of
misorientation axes offer a pragmatic approach for analyzing subgrain structure for large quantities of data,
whereas the GND map provides a more precise and quantitative analysis of a larger fraction of the substruc-
ture within a more limited area. Both approaches demonstrate significant dislocation activity in our
deformed samples.

4.3. Crystal Habit of Olivine
Studies of the morphology of olivine grains in an ultramafic melt demonstrate a crystal habit with elonga-
tion along the [001] axis and flattening parallel to the (010) plane [e.g., Donaldson, 1976; Drever & Johnston,
1958; Fleet, 1975; t’Hart, 1978). As demonstrated in Figure 11, grains in our samples exhibit a similar
morphology.

We note that in a recent study, Miyazaki et al. (2013) argued for a SPO-induced CPO for a forsterite 1 diop-
side rock deformed in the diffusion creep regime. In their case, the crystal habit of forsterite exhibited elon-
gation along [100] axis, which resulted in a CPO with [100] axes correspondingly aligned. Since in our
experiments, samples were made from San Carlos olivine and basaltic melt, these compositional differences
must lead to differences in the crystal habit, yielding an elongation along the [100] axis in one case and
along the [001] axis in another case.

Figure 14. Schematic drawings for the development of CPO viewed in tangential sections. The local sense of shear is
indicated by different arrows in each panel. Grain shape change due to deformation is neglected. The projections of
elongated grains in a tangential section will have various shapes, but to be simple, circles represent grains with [001] axes
normal to the tangential surface and ellipses represent grains with other [001] axes orientations, as illustrated by the
yellow lines. The light gray for the pole figures in Figure 14c suggests the crystallographic fabric is weak.
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4.4. Comparison With a Previously Reported CPO
In Zimmerman et al. [(1999]) reported the CPO for a sample of olivine 1�4% MORB (sample number
PT0273) deformed in direct shear at 1,523 K and 300 MPa to a shear strain of 3. Based on a small dataset
obtained using a universal stage, these authors reported an A-type fabric with [100] aligned parallel to the
shear direction and [010] normal to the shear plane. The CPO for this sample was subsequently reanalyzed
with a significantly larger dataset obtained at much higher spatial resolution using EBSD measurements, as
presented in Figure 2a by Holtzman et al. (2003a); this sample is identified in Table S1 of their supporting
information as sample 273. The newly determined CPO is characterized by a [100]–[001] girdle in the shear
plane with [100] weakly aligned normal to the shear direction, much as observed in our samples deformed
in torsion. The [010] axes, however, are not back rotated because melt-rich bands did not form in this sam-
ple. Thus, the CPO of this partially molten sample deformed in direct shear is fully consistent with the CPO
determined for our samples deformed in torsion.

4.5. Other Possible Explanations for the a-c Switch
As outlined in the section 1, two other models have been proposed for the a-c switch. First, the null hypoth-
esis states that not only the (010)[100] but also the (010)[001] slip system contributed to deformation in par-
tially molten olivine-rich rocks, even though (010)[100] dominates in melt-free olivine aggregates. Results
from deformation experiments on olivine single crystals demonstrating that deformation on the (010)[001]
slip system is orders of magnitude slower than deformation on the (010)[100] slip system rule out this
hypothesis.

Second, the hypothesis proposed by Holtzman et al. (2003a) based on anisotropic partitioning of deforma-
tion between dislocation and diffusion mechanisms based on stress-induced anisotropic distribution of
melt is more difficult to dismiss. Possibly the strongest argument in favor of the model developed in this
paper relates to the evolution of CPO with increasing strain. Shear experiments on melt-bearing samples
reveal a fabric with [100] axes weakly aligned in the shear direction and [010] axes normal to the shear
plane at low strains, as anticipated for glide on (010)[100]. With increasing strain, [001] axes become weakly
aligned in the shear direction with [010] becoming more strongly aligned normal to the shear plane, consis-
tent with rotation of olivine grains with a crystallographically controlled SPO superimposed on the fabric
formed by glide on (010)[100]. If grain shape-controlled rotation and dislocation glide operate simulta-
neously, this evolution is not surprising because the contribution of grain shape-controlled rotation to CPO
is expected to lag that from dislocation glide, since the latter contributes to the development of a relatively
strong CPO even at very low strain in melt-free samples (Hansen et al., 2014). In contrast, anisotropic parti-
tioning of strain between deformation mechanisms should take place even at low strains because align-
ment of melt pockets responds quickly to the application of a nonhydrostatic stress. Thus, the observed
evolution of CPO with increasing strain is more difficult to explain based on anisotropy in contributions for
diffusion and dislocation processes.

4.6. Applicability to Nature
Because melt structures are rarely frozen in and directly observable in mantle rocks, it is difficult to prove
that a given CPO results from deformation in a partially molten state. However, one of the more common
olivine CPOs is very similar to the girdled CPO presented in this study. Questions on the inference of the
process that form natural CPOs are presented below.

1. Is the a-c switch observed in natural rocks? The classic olivine fabric database of Isma il and Mainprice
(1998) presented an olivine CPO with girdles in [100] and [001] axes as one of the third most common
(10.1% in the database, Mainprice, 2007), comprising xenoliths and peridotite massif samples from a
range of geodynamic settings. In this fabric type, the foliation is often relatively clear, but the lineation
may be more subtle, so it can be difficult to infer shear direction and therefore the relation of [100] and
[001] axes (and weak concentrations of them in the girdle) to that shear direction. Therefore, we do not
expect a great deal of direct evidence, but consider the AG-fabric to be a good indication of the possibil-
ity of the a-c switch in nature. The CPO of olivine with girdles of [100] and [001] axes and clusters of
[010] axes has been reported to be the second-most common occurrence of all olivine fabrics in western
Pacific convergence region (Michibayashi et al., 2016). A similar girdled olivine CPO was observed in
mantle xenoliths from the Ontong Java Plateau mantle root (Tommasi & Ishikawa, 2014). An olivine CPO
very similar to that associated with the a-c switch was also reported in a plagioclase-bearing peridotite
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from the northwestern part of the central Lanzo massif, where evidence exists for melt presence during
deformation (Higgie & Tommasi, 2014). Moreover, Drouin et al. (2010) reported a weak fabric with [001]
slightly concentrated in the shear direction in natural olivine-rich troctolites, which they interpret as
resulting from a pre-existing A-type fabric that was modified by the rotation of elongated grains around
[001] axes during melt impregnation.

2. Is there any evidence of a SPO-induced CPO in nature? A SPO and a CPO with a [001] maximum aligned
subparallel to the shear direction were reported in both experimentally sheared amphibole (Getsinger &
Hirth, 2014) and amphibolite-grade natural shear zones (Getsinger et al., 2013). These authors took the
correlation of the SPO and CPO as the evidence of a SPO-induced CPO formed during diffusion creep.

3. How does deformation mechanism affect the CPO? We cannot know how to extrapolate fabric transi-
tions from experimental to natural conditions without knowing what mechanisms are at play and
their relative kinetics. Our samples were deformed in dislocation-accommodated GBS regime, so both
dislocation activity and grain rotation happen, which is essential for our model. As argued by Mar-
uyama and Hiraga (2017a, 2017b), GBS facilitates grain rotation producing a SPO-induced CPO. Based
on our model, we provide a simple speculation for a partially molten rock. Under our experimental
temperature and confining pressure, if deformed in the dislocation creep regime, olivine is expected
to exhibit a dislocation-induced CPO with [100] axes clustering parallel to the shear direction (A-type
fabric); if deformed in the diffusion creep regime, olivine is expected to exhibit a SPO-induced CPO
with [001] axes clustering parallel to the shear direction (B-type fabric). Speculatively, any scaling
approach would balance the rotation rate of oblong grains with the rate of dynamic recrystallization.
The rotation rate, which may be a function of aspect ratio and possibly grain size, is rate-limited by
the dominant mechanism for GBS.

4. Is melt segregation necessary in this model? As we discuss in section 4.1.2, melt segregation changes the
local shear direction, which results in the counterclockwise rotation of the fabric relative to the applied
bulk shear direction. Based on the CPO reported in Holtzman et al. (2003a, Figure 2a), in regions of man-
tle where melt segregation does not occur, our model predicts a CPO with girdled [100] and [001] axes
and clustered [010] axes, that is, the a-c switch without the counterclockwise rotation.

5. How does melt fraction affect the CPO? The presence of melt causes a crystallographically controlled grain
shape and facilitates grain rotation. As melt fraction decreases, these two functions of melt would
become less effective. Further experiments are needed to determine the lower limit of the melt fraction
that results in the a-c switch.

6. What is the significance of the a-c switch, if it exists in the Earth? Our observations suggest a different evo-
lution of seismic anisotropy from melt-free samples, not just in the magnitude or orientation, but also in
the rate of development of anisotropy, which will impact interpretations of upper mantle flow. The seis-
mic anisotropy predicted by the direct application of the results from microstructural analyses of our
deformed melt-bearing samples has been presented in Hansen et al. (2016, Figure 2). Specifically, values
of azimuthal anisotropy lie >608, typically about 908, to the shear direction, radial anisotropy exhibits low
values, �1.03, compared to values for melt-free olivine, �1.06, and such anisotropy becomes evident
and stable at a strain as low as 2. When considering natural heterogeneity, the predicted anisotropy may
be well approximated as transverse isotropic, which would explain many measurements of upper mantle
anisotropy (Hansen et al., 2016; Holtzman & Kendall, 2010; Kawakatsu et al., 2009).

We envision that the a-c switch could provide an alternative explanation for the seismic anisotropy
observed in regions where partial melting occurs. At subduction zones, for example, a trench/fault-parallel
polarization of seismic waves has been reported (e.g., Barak & Klemperer, 2016; Smith et al., 2001; Wei et al.,
2016). This observation has been interpreted as a trench-parallel mantle flow (Smith et al., 2001) or an align-
ment of melt pockets (Barak & Klemperer, 2016). Building on the proposal of Holtzman et al. (2003a), the a-c
switch could explain the trench-parallel fast directions observed in oblique subduction zones. This explana-
tion relies simply on the effect of melt on CPO without calling upon the elastic effects of aligned melt at the
grain scale or larger (e.g., Holtzman & Kendall, 2010), trench-parallel flow (e.g., Hall et al., 2000; Kneller & Van
Keken, 2007; Smith et al., 2001), high stress and water content (Jung & Karato, 2001), or 3-D flow (Mehl
et al., 2003). Beneath the mid-ocean ridges, where partial melting also occurs, a �10� misalignment
between the azimuth of seismic anisotropy and the plate-spreading direction has been interpreted as a
skew between the mantle-divergence and plate-spreading directions based on the seismic anisotropy
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induced by olivine A-type fabric (e.g., Toomey et al., 2007; VanderBeek et al., 2016). This �10� misalignment
may potentially be attributed to a �10� azimuthal anisotropy to the shear direction produced in a region
composed of mixed melt-bearing and melt-free layers sheared to low strains (c � 5), as exhibited in Figure
2 in Hansen et al. (2016).

5. Conclusions

In this study, we investigated the evolution of the CPO in partially molten rocks deformed under torsion.
Here we first summarize the observations and then the implications.

1. The a-c switch becomes evident at r > 2.2 mm (corresponding to c > 4) in a radial section and at c > 4
in a strain series.

2. The CPOs in our partially molten samples are very weak compared to the CPOs in melt-free olivine
deformed at similar stresses to similar strains and exhibit little change with increasing stress or strain.
This observation implies that two different CPO-formation mechanisms are competing with each other
during the entire deformation process.

3. Misorientation axes of subgrain boundaries tend to be aligned with [001] axes and, to a lesser extent,
with [010] axes, indicating (010)[100] being the dominant slip system and thus the a-c switch is not
caused by (010)[001] being the dominant slip system.

4. Maps of GND density reveal that (010)[100] edge dislocations are the most abundant dislocation type
and contribute to nearly all of the visible substructures. This observation implies that dislocation glide on
(010)[100] slip system contributes to the CPO formation.

5. Olivine grain shape is crystallographically controlled with elongation along [001] axes and flattening par-
allel to (010) planes in olivine 1 basaltic melt samples.

6. A strong correlation exists between the modal orientation of [001] axes and the SPO. This observation
implies that the SPO could induce the observed CPO.

Thus, for partially molten samples, we interpret the development of the CPO characterized by girdled [100]
and [001] axes in the slip plane in terms of two competing mechanisms: (i) A crystallographically controlled
SPO-induced CPO leading to a clustering of [001] axes parallel to the shear direction with [100] axes in the
shear plane normal to the shear direction, and (ii) dislocation glide on the (010)[100] slip system, leading to
a clustering of [100] axes parallel to the shear direction with [001] axes in the shear plane normal to shear
direction. This competition results in a weak concentration of shear-normal [100] axes. This model has
important implications for interpreting the flow field from seismic anisotropy in partially molten regions of
Earth’s mantle.
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