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a b s t r a c t
The lower mantle is estimated to be composed of mostly bridgmanite and a smaller percentage
of ferropericlase, yet very little information exists for two-phase deformation of these minerals. To
better understand the rheology and active deformation mechanisms of these lower mantle minerals,
especially dislocation slip and the development of crystallographic preferred orientation (CPO), we
deformed mineral analogs neighborite (NaMgF3 , iso-structural with bridgmanite) and halite (NaCl, isostructural with ferropericlase) together in the deformation-DIA at the Advanced Photon Source up to 51%
axial shortening. Development of CPO was recorded in situ with X-ray diffraction, and information on
microstructural evolution was collected using X-ray microtomography. Results show that when present
in as little as 15% volume, the weak phase (NaCl) controls the deformation. Compared to single phase
NaMgF3 samples, samples with just 15% volume NaCl show a reduction of CPO in NaMgF3 and weakening
of the aggregate. Microtomography shows both NaMgF3 and NaCl form highly interconnected networks of
grains. Polycrystal plasticity simulations were carried out to gain insight into slip activity, CPO evolution,
and strain and stress partitioning between phases for different synthetic two-phase microstructures.
The results suggest that ferropericlase may control deformation in the lower mantle and reduce CPO
in bridgmanite, which implies a less viscous lower mantle and helps to explain why the lower mantle is
fairly isotropic.
© 2016 Published by Elsevier B.V.

1. Introduction
Geodynamic models predict large strains due to convection in
the lower mantle (e.g. McNamara et al., 2002), which is composed
primarily of ∼70% volume (Mg, Fe)SiO3 bridgmanite and ∼25% volume (Mg, Fe)O ferropericlase with a few percent of CaSiO3 perovskite and some Al-rich and silica phases. Understanding how
these minerals deform under large strains is important for constraining mantle rheology and for explaining seismic observations.
Because the bulk of the lower mantle is seismically isotropic
(French and Romanowicz, 2014), diffusion creep, which typically
does not promote crystallographic preferred orientation (CPO) and
thus seismic anisotropy, has long been assumed to be the dom-
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inant deformation regime in the lower mantle (e.g. Karato et al.,
1995). However, recent deformation experiments of ferropericlase
and bridgmanite aggregates ﬁnd they do deform by dislocation
creep at lower mantle pressures and temperatures (Girard et al.,
2016). Polycrystal plasticity models suggest strong CPO will develop if the large strains in the lower mantle are accommodated
by dislocation slip (Wenk et al., 2011). However, these models ignore the interaction of bridgmanite with weaker ferropericlase.
Ferropericlase is likely weaker than bridgmanite in the lower
mantle (e.g. Amodeo et al., 2012; Kraych et al., 2016; Merkel et al.,
2003). For deformation in a two-phase system with large strength
contrast, microstructure greatly inﬂuences rheology (e.g. Handy,
1994). For example, if the weaker ferropericlase is not interconnected, then rheology of the lower mantle will mostly depend on
bridgmanite, but if ferropericlase is interconnected, then it will
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likely control deformation. Ferropericlase may not only inﬂuence
the development of crystallographic preferred orientation and seismic anisotropy more than previously thought (e.g. Cottaar et al.,
2014), but mantle mixing (Girard et al., 2016), viscosity (Yamazaki
and Karato, 2001) and slab stagnation (Marquardt and Miyagi,
2015) as well.
The role of ferropericlase in lower mantle rheology is controversial. Resistivity measurements of bridgmanite–ferropericlase aggregates grown at 25 GPa from ringwoodite found ferropericlase
to be interconnected at 1300–1700 K and thereby likely to control the bulk deformation (e.g. Yamazaki et al., 2014). Aggregates
of various proportions of MgO and MgAl2 O4 -spinel were deformed
in the D-DIA at 5 GPa and 800–1000 ◦ C, with MgO accommodating the majority of strain and greatly weakening the aggregate
at 25% volume (Li et al., 2007). In a recent study Girard et al.
(2016) deformed ∼70% bridgmanite + ∼30% ferropericlase aggregates with isolated ferropericlase grains inside of a bridgmanite
matrix in a rotational Drickamer apparatus up to 100% shear strain.
They suggest ferropericlase controlled deformation based on observations of strain weakening, large strength contrast between the
two phases, and strain partitioning into ferropericlase, even though
it was not interconnected. In contrast, other studies ﬁnd that if
weaker ferropericlase is present in ∼25% volume, bridgmanite controls deformation. For example ﬁnite element modeling (FEM) of
deformation in bridgmanite–ferropericlase aggregates by Madi et
al. (2005) found bridgmanite limits deformation even when both
phases are highly interconnected. Wang et al. (2013) deformed
72% CaGeO3 –perovskite + 28% MgO with MgO as isolated grains
in the microstructure in the D-DIA up to 20% axial shortening and
found that the bridgmanite analog (CaGeO3 ) controlled deformation.
Very few studies consider CPO (i.e. texture) development during deformation of lower mantle polymineralic aggregates. Of the
studies mentioned above, only Wang et al. (2013) looked at CPO
and found CaGeO3 developed similar CPO whether deformed as
a single phase or along with 28% volume MgO while MgO developed weak CPO. Wenk et al. (2004) and Miyagi and Wenk
(2016) deformed ferropericlase–bridgmanite aggregates to 50 GPa
and 61 GPa, respectively, in a diamond anvil cell (DAC) and found
that ferropericlase developed a weak, irregular texture when deformed with bridgmanite, and that bridgmanite texture changed
depending on the starting material and/or the presence of ferropericlase. Microstructures in the DAC experiments were unknown
but assumed to have ferropericlase not interconnected based on
earlier studies (e.g. Martinez et al., 1997), and thus attributed
the lack of CPO in ferropericlase to local heterogeneous deformation.
None of these studies considered the effect of ferropericlase
volume percent on CPO even though volume percent of ferropericlase in the lower mantle is estimated from geophysical and
geochemical data to be anywhere from 10 to 30% (Irifune and
Tsuchiya, 2007) and is likely heterogeneously distributed in the
lower mantle. Here we deformed two-phase lower mantle mineral analogs with various volume percent of each phase in the
D-DIA at high temperature and pressure. Because the D-DIA cannot reach lower mantle pressures, we used analogs NaCl and
NaMgF3 , isostructural to ferropericlase and bridgmanite, respectively. X-ray diffraction images were collected in situ to observe
the development of CPO and stress distribution in the two phases.
We examined three-dimensional (3D) microstructures with X-ray
microtomography and estimate slip systems responsible for the
observed CPO and the effect of microstructure on stress and
strain partitioning between phases with polycrystal plasticity models.
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2. Materials and methods
2.1. Analog minerals
2.1.1. Neighborite
NaMgF3 has a distorted cubic structure characterized by tilted
MgF6 octahedra and belongs to orthorhombic space group Pbnm.
NaMgF3 was chosen as an analog mineral for bridgmanite because it is isostructural to bridgmanite, yet deforms more easily at
lower pressures. In addition, NaMgF3 transitions to a CaIrO3 -type
post-perovskite structure at high pressure, to tetragonal and cubic phases at high temperature, and dissociates at high pressures
and temperatures just as bridgmanite does (e.g. Zhao et al., 1994;
Umemoto et al., 2006; Umemoto and Wentzcovitch, 2011).
It is less clear whether NaMgF3 has similar deformation mechanisms as bridgmanite. Twinning has been observed in both
NaMgF3 (e.g. Lewis and Bright, 1971) and in bridgmanite (e.g.
Wang et al., 1990), and is commonly produced in perovskite structures, either during a phase transition or by deformation. Most
deformation is accommodated by slip, however slip systems in
NaMgF3 have not been well studied, and the preferred slip systems of bridgmanite are still debatable. Deformation experiments
of bridgmanite in the DAC suggest a number of slip systems on
the (010), (001), and/or (100) planes (e.g. Merkel et al., 2003;
Miyagi and Wenk, 2016), experiments in the multianvil apparatus suggest slip along 100 at uppermost lower mantle conditions
(Cordier et al., 2004), and bonding calculations suggest (100)[010]
slip at lower mantle conditions (e.g. Mainprice et al., 2008;
Kraych et al., 2016). Deformation textures strongly show orthorhombic textures requiring orthorhombic rather than pseudocubic slip systems (Wenk et al., 2006), which is yet another reason
for selecting NaMgF3 with orthorhombic symmetry rather than a
cubic perovskite as an analog. Results presented in section 4.2.1
show some similarity between CPO development and active slip
systems in NaMgF3 and bridgmanite.
NaMgF3 was synthesized for this study from a stoichiometric
mixture of NaF and MgF2 sintered at 750 ◦ C (see Appendix A).
2.1.2. Halite
NaCl was chosen as the analog for ferropericlase, because it is
isostructural to ferropericlase. Both minerals have a B1 structure,
belonging to space group Fm3m at ambient conditions. The deformation behavior of single crystal NaCl (e.g. Carter and Heard,
1970) and periclase (e.g. Routbort, 1979; Day and Stokes, 1966)
have been studied in detail. In both minerals, the stiffest direction
is parallel to the a-axis, and the easiest slip system is {110}110,
with {111}110 and {001}110 becoming increasingly active at
higher temperature.
The strength contrast between bridgmanite and ferropericlase
(the ratio of maximum differential stress supported by each phase)
at upper lower mantle conditions has been estimated to be about
5–10, depending on pressure and temperature (e.g. Amodeo et
al., 2012; Kraych et al., 2016; Girard et al., 2016). Here we ﬁnd
the strength contrast between NaMgF3 and NaCl at pressures near
4 GPa and temperatures 200–400 ◦ C to be ∼10. If the strength contrast is higher in the analog system, so too may be the degree of
stress and strain partitioning and the degree of connectivity of the
weaker NaCl (Handy, 1994).
2.2. Deformation-DIA
2.2.1. Experiments
Experiments were done in the D-DIA at GSECARS beamline
13-BM-D of the Advanced Photon Source (APS). The D-DIA is a
multi-anvil press that can apply quasi-hydrostatic pressure up to
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Table 1
Summary of run conditions and results from X-ray diffraction experiments. Volume percent of NaMgF3 were before sintering (S) and from relative intensity of X-ray diffraction
peaks during experiments (X). Standard strains (ε ) are shown as percentages. The average steady state stress and maximum differential stress (−σ ) and texture strength
(pole density or “IPF max”) are shown for each run. Since −σ vs. ε does not plot steady state behavior for runs D1316 and D1315 (Fig. 2b), all stresses above 20% strain
were averaged. Standard deviations for −σ are <0.006. The average total estimated stress for an interconnected weak layer (IWL) and a load bearing framework (LBF) have
been calculated using equations (11) and (6), respectively, in Handy (1994).
Run

D1316
D1243
D1315
D1244
D1188
D1187
D1475
D1476
D1189
D1185
a

Experimental parameters

NaMgF3

V NaMgF3
S/X (%)

P ave
(GPa)

T mode
(◦ C)

ε

ε̇

(%)

(s−1 )

30/37
30/33
50/62
50/59
75/79
75/80
85/82
85/85
100
100

4.3
4.5
3.8
4.0
3.8
4.8
4.0
4.3
1.7a
3.7

400
200
400
200
400
100
400
200
800
400

34
44
33
50
23
32
44
51
50
32

0.0027
0.0029
0.0023
0.0031
0.0022
0.0013
0.0023
0.0034
0.0027
0.0020

NaCl

−σ

IPF max

IWL

−σ

IPF max

LBF

−σ

−σ

Ave.
(mrd)

Max.
(mrd)

Ave.
(GPa)

Max.
(GPa)

Ave.
(mrd)

Max.
(mrd)

Ave.
(GPa)

Max.
(GPa)

Ave.
(GPa)

Ave.
(GPa)

3.0
2.9
3.3
3.1
4.0
4.0
4.6
4.7
5.9
8.0

3.6
3.4
3.4
4.1
4.2
4.7
5.4
5.9
6.9
11.8

0.30
0.69
0.34
0.86
1.19
1.45
1.24
1.91
0.74
2.13

0.67
0.82
0.89
0.89
1.24
1.46
1.35
1.96
1.05
2.25

1.3
1.3
1.1
1.1
1.1
1.2
1.3
1.4
–
–

1.4
1.3
1.2
1.2
1.2
1.2
1.5
1.5
–
–

0.07
0.17
0.06
0.14
0.10
0.15
0.17
0.17
–
–

0.17
0.19
0.15
0.15
0.12
0.19
0.19
0.26
–
–

0.11
0.24
0.10
0.26
0.30
0.40
0.38
0.52
–
–

0.16
0.34
0.23
0.57
0.96
1.19
1.05
1.64
–
–

Pressure estimate is low because there is no thermal equation of state for NaMgF3 that can take into account the high temperature in run D1189.

∼15 GPa and uniaxial differential stress separately while simultaneously resistively heating up to 2000 ◦ C (Wang et al., 2003).
Ten samples of various volume percent of NaMgF3 and NaCl
were compressed quasi-hydrostatically to 20 tons (∼3–5 GPa) by
driving in three sets of orthogonal pistons, then compressed uniaxially by advancing the differential rams (top and bottom pistons).
Samples were deformed up to ∼51% axial shortening at average
strain rates of 1.3 × 10−3 to 3.4 × 10−3 s−1 while being heated
to temperatures ranging from 100 ◦ C to 800 ◦ C (Table 1). Diffraction images were collected in radial geometry (X-ray path is perpendicular to compression direction) with monochromatic X-rays
(λ = 0.225–0.248 Å) as pressure and strain increased. During compression, axial shortening of the samples was imaged with X-ray
radiography using two 5 μm thick ﬂakes of Au on the top and
bottom of the sample for contrast. Axial shortening is deﬁned as
standard strain % = l/l0 × 100 where l0 is the sample length after quasi-hydrostatic compression but before deforming. In a few
experimental runs where the rams did not advance at the same
rate as the load, causing slight sample extension, l0 is taken as the
sample length at ambient pressure. Since compression in D-DIA is
never truly hydrostatic, l0 is likely measured at non-zero strain in
all cases.
2.2.2. Data analysis
Diffraction images were analyzed with Rietveld reﬁnement as
implemented in the software package MAUD (e.g. Lutterotti et al.,
2014). Rietveld reﬁnement is a least-squares method that minimizes the difference between the data and a calculated ﬁt by iteratively reﬁning various parameters such as diffraction background,
phase volume percent, cell parameters, crystallite size, root mean
square (r.m.s.) microstrain, lattice strain, and CPO. Pressure was
calculated from the best ﬁt for cell parameters and equation of
state of NaCl or NaMgF3 . Details of Rietveld reﬁnement are given
in Appendix B.
With Rietveld analysis we can quantify the differential stress
and CPO in each phase. Deviatoric (non-hydrostatic) stress imposed
on the sample leads to non-isotropic elastic lattice strain, which is
exhibited as sinusoidal variations of diffraction peak position as a
function of η (the angle to the compression direction, i.e. the azimuthal angle) (Fig. 1 and Fig. A.1). For each phase, the principle
stresses in the deviatoric stress tensor (σ11 , σ22 , and σ33 ) can be
calculated from the non-isotropic lattice strain and the elastic constants of NaMgF3 (Zhao and Weidner, 1993) and NaCl (Liu et al.,
2010); see Appendix B for details. Differential stress is deﬁned as
σ = σ33 − σ11 , where σ33 is the principle stress in the direction
of the loading axis, and σ11 and σ22 are the principal stresses per-

pendicular to the loading axis and are assumed to be equal. Here
we deﬁne compressive stress to be negative and write −σ to refer to compressive differential stress.
Plastic deformation by dislocation slip leads to rotation of crystallographic planes relative to a maximum stress direction and can
result in CPO. The critical resolved shear stress (CRSS), i.e. the minimum stress required to activate slip in a set of crystallographic
planes, of the possible slip systems will determine the resulting
texture. CPO is exhibited as regular intensity variations in Debye
rings along η (Fig. 1 and Fig. A.1). It is described by an orientation distribution function (ODF) and is plotted here as inverse pole
ﬁgures (IPFs), which plot the density of poles of crystallographic
planes relative to the compression direction of the sample.
2.3. Microtomography and microstructure
2.3.1. Microtomography experiments
Microtomography non-destructively images the 3D structure of
samples using phase contrast imaging. Phase connectivity and distribution of one undeformed sample and three deformed samples
were quantiﬁed using microtomography at beamline 8.3.2 of the
Advanced Light Source (ALS) and beamline 2-BM of the APS.
Sample cylinder axes were positioned vertically on a mounting
needle on a rotation stage using a small piece of clay. Either 1500
or 2049 transmission images were collected while the sample was
rotated 180◦ . Transmission images were corrected for inhomogeneous illumination, normalized, and reconstructed into slices that
were stacked to render a 3D image. Each phase was thresholded,
and statistics were compiled in Avizo Fire 3D Analysis Software
for Materials Science (Visualization Sciences Group). For more details of microtomography setup, collection, and analysis, see Appendix C.
2.3.2. Scanning electron microscopy
Since X-ray diffraction and microtomography could not resolve
grain size in our samples, a backscattered image of an undeformed
75% NaMgF3 , unpolished sample was collected in a Zeiss Evo Ma10
environmental scanning electron microscope (ESEM) (Fig. 5b) at UC
Berkeley to estimate grain size. The image was taken at 1000×
magniﬁcation under elevated pressure so that the sample did not
need to be carbon coated. The large difference in hardness between the two phases and the solubility of both phases in water,
especially NaCl, makes these samples very challenging to prepare
for electron backscatter diffraction (EBSD) requiring new polishing methods to be developed. In addition kikuchi patterns of orthorhombic perovskite minerals like NaMgF3 that have two cell
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parameters nearly equal in length are diﬃcult to reliably index.
Therefore we do not include further microstructural analysis of
these samples here but plan to present EBSD and SEM results in
a separate paper.
3. Results
Results are based on 120 X-ray diffraction images taken during ten experimental runs in the D-DIA. Errors of volume percent
derived from X-ray diffraction patterns are roughly ±0.2% in most
cases, but can be as high as ±4% (Table 1). These differ from percentages measured before sintering by more than 4%, which may
be due to some powder being lost during the sintering process
and/or the fact that the X-ray beam samples only a small section
of the sample that might have slightly different composition.
3.1. Differential stress
A general trend of decreasing differential stress in NaMgF3 with
increasing NaCl content can be seen in Fig. 1 where the waviness (i.e. sinusoidal variation of peak positions along n) of NaMgF3
peaks decreased with increasing NaCl content. The 100% NaMgF3
sample deformed at lower temperature (400 ◦ C) acquires the highest stress of −σmax = 2.25 GPa, which decreased to 1.35 GPa
for 85% NaMgF3 , 1.24 GPa for 75% NaMgF3 , and <1 GPa for 50%
NaMgF3 and 30% NaMgF3 samples (results for 400 ◦ C runs, Table 1).
Increasing temperature reduced differential stress in NaMgF3
and affected the 100% NaMgF3 sample the most, with stress
reaching up to −σmax = 1.05 GPa and averaging during steady
state −σave = 0.74 GPa at 800 ◦ C, less than half of −σmax =
2.25 GPa and −σave = 2.13 GPa at 400 ◦ C (Table 1). The effect of
temperature on −σ in NaMgF3 decreases with increasing NaCl
content as shown in Fig. 2a, where −σmax for runs done at
higher temperature (half-ﬁlled markers) plot far below −σmax
for runs done at lower temperature (ﬁlled markers) in the 100%
NaMgF3 sample, but plot much nearer each other for the 75%
NaMgF3 , 50% NaMgF3 , and 30% NaMgF3 samples. The high temperature 100% NaMgF3 run was done at 800 ◦ C compared to 400 ◦ C
on average in high temperature runs for other samples (Table 1).
This may explain why the data point for average differential stress
for high temperature 100% NaMgF3 falls below the best ﬁt line in
Fig. 2a.
Differential stress supported by NaMgF3 increased until about
20% strain in 100% NaMgF3 samples and until 10–15% strain
in most two-phase samples, when steady state deformation was
reached (Fig. 2b). The drop in differential stress for the low temperature run of 85% NaMgF3 at about 40% strain and high temperature runs of 50% NaMgF3 and 30% NaMgF3 samples at about
33% strain in Fig. 2b is due to a temperature increase at the end of
those experiments.
Because NaCl yields plastically at lower stress than NaMgF3 , it
cannot support as much differential stress (lattice strain) before
deforming plastically. This is seen in Fig. 1 where the NaCl peaks
are relatively straight compared to NaMgF3 . Differential stress in
NaCl reached up to −σmax = 0.26 GPa, nearly an order of magnitude less than NaMgF3 at −σmax = 2.25 GPa (Table 1), giving
an estimated strength contrast for NaMgF3 –NaCl of about 10. With
such little stress development in NaCl, no strong correlation is seen
between differential stress and bulk strain or sample composition
(Fig. 2). Differential stress in NaCl slightly decreases at higher temperature (Fig. 2a) and very slightly peaks at 10% strain (Fig. 2b).
Using equations from Handy (1994), we estimate the total
stress in the sample from the phase volume percent and the average steady state stress (−σave ) in each phase for both an interconnected weak layer (IWL) and a load bearing framework (LBF)

Fig. 1. Unrolled diffraction patterns for samples at 20 tons (∼4 GPa), 100–400 ◦ C,
and 30% strain for all compositions. Peaks from the graphite heater (C), the insulation sleeve, either boron nitride (BN) or MgO, and small Mo contamination are
labeled. The ﬁrst NaMgF3 peak, 110, is labeled. However, because diffraction from
multiple NaMgF3 planes contribute to each of the other peaks, these are not labeled.
All unlabeled peaks are NaMgF3 . Compression direction is labeled with arrows in
ﬁrst image.

microstructure (Table 1). For samples with at least 50% volume
NaCl, especially those deformed at higher average temperatures,
the total −σ estimated for an IWL (−σIWL ) agrees much better with the average −σ supported by NaCl than the total −σ
estimated for a LBF (−σLBF ) agrees with −σ supported by
NaMgF3 . This suggests that the microstructures in these samples
are closer to an IWL microstructure, as expected. For samples with
less than 50% NaCl, neither does −σIWL agree well with the average −σ supported by NaCl nor does −σLBF agree well with
−σ supported by NaMgF3 . This implies that the microstructures
with lower NaCl content fall somewhere between an IWL and a
LBF.
3.2. Texture
NaMgF3 developed a pole density maximum at (100) in the
IPFs for all compositions (Fig. 3a), indicating that (100) lattice
planes preferentially align perpendicular to the compression direc-
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Fig. 2. (a) Scatter plot of maximum differential stress (−σ ) versus composition in NaMgF3 and NaCl for each run (see Table 1 for values). All compositions were deformed
twice, once at higher average temperature (half-ﬁlled shapes) and once at lower average temperature (ﬁlled shapes). Best-ﬁt curves are shown for average higher temperatures
(dashed lines) and lower average temperatures (solid lines) for each phase. (b) Scatter plot of −σ versus standard strain in NaMgF3 and NaCl for ten experimental runs.
Composition indicated by gray scale. All data shown was collected at 20 tons during sample compression.

Fig. 3. Inverse pole ﬁgures (IPFs) from (a) experiments, which correspond to 2D plots shown in Fig. 2, collected at ∼4 GPa, 100–400 ◦ C, and ∼30% strain, (b) VPSC simulations
with relative CRSS assigned as shown in Table 3 to 30% strain, and (c) VPFFT simulations for the “random” microstructures and the “percolate” microstructure to 30% strain.
Major crystallographic directions are labeled for both NaCl (top row) and NaMgF3 (bottom row) in (a) and are mapped relative to the compression direction in all maps. Pole
densities are given in multiples of random distribution (m.r.d.). An m.r.d. of 1 indicates random orientation. Equal area projections.

tion. The (100) maximum extends toward {110} and (001). This
extension is seen progressively less as the NaMgF3 volume percent
decreases. For samples with 100% NaMgF3 content, a small secondary maximum is observed at (001). A small but representative
subset of IPFs is shown in Fig. 3a; the full set of IPFs can be found
in the appendix of Kaercher (2014).
Texture strength (i.e. maximum pole density) in NaMgF3 strongly correlates to sample composition (Fig. 4a). While 100% NaMgF3
samples (white circles) developed very strong CPO with pole densities reaching up to 11.8 m.r.d. (Table 1), samples containing just
15% volume NaCl have pole densities of up to 5.9 m.r.d., i.e. half
the texture strength. Whereas texture increased until the ﬁnal
strains in 100% NaMgF3 samples, texture slightly decreased once
∼15% strain was reached in all the two-phase samples (Fig. 4b).

Temperature greatly affected texture development in the 100%
NaMgF3 samples, with pole density maxima reaching 11.8 m.r.d. at
400 ◦ C and 6.9 m.r.d. at 800 ◦ C. On the other hand, temperature
had little effect on the two-phase samples. In samples containing
15% NaCl, the maximum pole density of NaMgF3 at 200 ◦ C was
5.9 m.r.d., and at 400 ◦ C, 5.4 m.r.d. For samples with 25% NaCl or
more, the differences in texture strength in NaMgF3 at different
temperatures are negligible (Fig. 4b, Table 1).
The NaCl texture is more irregular and much weaker than the
NaMgF3 texture. Part of this is due to cubic symmetry with inherent multiplicity. The maximum pole densities for NaCl in samples
containing 15% NaCl lie near {112} and {110} (the {112} and {110}
planes preferentially align perpendicular to compression). At 25%
NaCl volume, the pole density maximum at {112} shifts towards
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Fig. 4. (a) Scatter plot of maximum IPF pole density versus composition for NaMgF3 and NaCl for each run (see Table 1 for values). Runs done at higher average temperature
are plotted with half-ﬁlled shapes, and lower average temperature, with ﬁlled shapes. Best-ﬁt curves are shown for higher average temperatures (dashed lines) and lower
average temperatures (solid lines) for each phase. (b) Scatter plots of maximum pole density versus standard strain in NaMgF3 and NaCl. Sample composition shown with
gray shade. All points plotted were collected at 20 tons during compression.
Table 2
Statistics for NaMgF3 and NaCl from X-ray microtomography analysis. The ﬁrst column in italics gives statistics for the undeformed 75% NaMgF3 sample. Both percentages
measured before sintering (S), and percentages taken from microtomography thresholding (M) are shown.
NaMgF3

NaCl

Run
Volume S/M (%)

–
75/64

D1187
75/77

D1315
50/50

D1316
30/23

–
25/36

D1187
25/23

D1315
50/50

D1316
70/77

Connectivity (%)
Median cluster volume (μm3 )
Average aspect ratio
Final strain (%)

99.98
0.80
1.25
0

99.98
1.65
2.85
32

99.71
3.30
3.47
33

96.25
3.30
3.61
34

99.09
1.61
1.60
0

95.60
3.02
3.20
32

99.79
3.02
3.29
33

99.98
1.92
3.10
34

{001}, and for 50% and 70% NaCl, the maximum pole density is
found at either {001} or {110} (Fig. 3a).
Maximum pole densities in NaCl never reached more than
1.5 m.r.d., nearly an order of magnitude less than the maximum
reached in NaMgF3 (11.8 m.r.d.). Unlike for NaMgF3 , there is little correlation between texture and composition (Fig. 4a). Samples
with the least NaCl (15% volume) reached the highest maximum
pole density of 1.5 m.r.d., samples with 25% and 50% NaCl reached
1.2 m.r.d., and samples with the most NaCl (70% NaCl) reached
1.4 m.r.d. (Table 1). Neither temperature (Fig. 4a, b) nor strain %
(Fig. 4b) appear to correlate with texture in NaCl.
3.3. Microstructure
The spatial distribution of phases, grain cluster sizes, and aspect ratios were quantiﬁed with X-ray microtomography for one
undeformed 75% NaMgF3 sample and three samples deformed
to 32–34% strain with compositions 75% NaMgF3 (D1187), 50%
NaMgF3 (D1315), and 30% NaMgF3 (D1316). Details of deformations conditions for these samples are given in Table 1. Microtomography data was collected from 0.03 mm3 to 0.22 mm3 subvolumes which may account for some inconsistencies between
volume percent measured during sample preparation and microtomography (Table 2). In addition, although great care was taken
to threshold phases according to their different absorption intensities during data processing, errors may still arise since NaMgF3
and NaCl do not drastically differ in intensity (gray shade) and images are a bit blurred.
A cross section taken with microtomography of an undeformed
sample with 75% NaMgF3 and 25% NaCl is shown in Fig. 5a. Because neighboring grains of the same mineral in our samples could
not be discerned from each other with phase contrast imaging
at microscale resolution, statistics gathered from microtomography

are not of individual grains but rather of interconnected clusters
of grains. However, much higher resolution images were collected
with an SEM (Fig. 5b). Without true grain size gathered from
EBSD, our best estimate of NaCl (white) grain diameter is roughly
1–10 μm, and NaMgF3 (gray) grain diameter is about 5–20 μm.
Although microtomography has lower resolution than SEM, it
can be used to quickly and non-destructively reconstruct 3D images to micron resolution. A 3D reconstruction of a 75% NaMgF3
undeformed sample and a 75% NaMgF3 sample deformed to 32%
strain (Fig. 6) were made by stacking microtomography slices similar to those shown in Fig. 5a. Compared to the undeformed reconstruction, the deformed reconstruction shows grain clusters shortened in the compression direction and elongated in planes perpendicular to compression; the NaCl appears to ﬁll in between the
NaMgF3 grain clusters (Fig. 6c).
Quantitative results are shown in Table 2. Connectivity is deﬁned here as the percent of the total phase volume contained in
the largest, interconnected cluster of grains of that phase and was
calculated by dividing the volume of the largest cluster of grains of
a phase by the total volume of the phase. Both NaMgF3 and NaCl in
the 75% NaMgF3 sample are >99% connected before deformation.
NaCl may not appear to be highly interconnected in two dimensions, so we include the 3D reconstruction of NaCl only in Fig. 6a
to help show that it is. In the 75% NaMgF3 sample, connectivity of
NaMgF3 remained constant during deformation while connectivity
of NaCl decreased. In both phases, grain cluster size increased during deformation. Decreased connectivity and increased clustering
of NaCl in the 75% NaMgF3 sample may be due to NaCl squeezing between NaMgF3 grain clusters in the planes perpendicular to
compression to form sheets while becoming less connected in the
compression direction. As expected, the majority of NaMgF3 and
NaCl grain clusters in the undeformed sample have aspect ratio
≈1, while the majority in deformed samples have aspect ratios >1.
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Fig. 5. Cross sectional slices of an undeformed sample with composition 75% NaMgF3 (darker gray) and 25% NaCl (lighter gray) collected with (a) microtomography and
(b) a scanning electron microscope at 1000× magniﬁcation. The black rectangle in (a) shows the relative size of the entire area of (b).

Fig. 6. Three-dimensional microtomography images of (a) NaCl in an undeformed 75% NaMgF3 sample, (b) both phases in an undeformed 75% NaMgF3 sample, and (c) both
phases in a 75% NaMgF3 sample deformed to 32% strain. NaMgF3 grains are shown in darker gray, and NaCl grains are shown in lighter gray. Compression direction indicated
by the arrow.

Aspect ratio is the ratio of the longest dimension in 3D of a grain
cluster to the shortest dimension.
4. Discussion
4.1. Experimental deformation
4.1.1. Differential stress
Our results suggest that NaCl controls deformation. The average
differential stress in 100% NaMgF3 samples is about 40% greater
than in NaMgF3 in 85% NaMgF3 samples deformed at similar conditions, suggesting that NaCl absorbs much of the plastic deformation at just 15% volume. In addition, microtomography shows both
NaCl and NaMgF3 to be interconnected in our samples (Table 2).
Differential stress in NaCl is up to an order of magnitude less
than in NaMgF3 in all samples, demonstrating that stress partitions
into the stronger NaMgF3 phase. We show in section 4.2.2 with
viscoplastic modeling that strain likely localizes into the weaker
NaCl phase. The shape change of NaCl clusters during deformation
(Fig. 6c) also suggests that NaCl uptakes much of the strain, but
we cannot quantify this from microtomography data since results
are of grain clusters rather than single grains. All lower mantle deformation studies discussed here agree that stress partitions into
the stronger phase, and strain into the weaker phase, yet not all
agree that the weaker phase is interconnected and controls deformation (Madi et al., 2005; Li et al., 2007; Wang et al., 2013;
Girard et al., 2016; Miyagi and Wenk, 2016).

Disagreement among these studies about which phase controls
deformation may stem from differences in ﬁnal strain. Madi et al.
(2005) and Wang et al. (2013) deformed aggregates to 15% and
20% bulk strain, respectively, and found the stronger perovskite
phase controls deformation. However, Madi et al. (2005) mention
that ferropericlase begins to form layers or “pancakes” perpendicular to compression much like we see in NaCl (Fig. 6c) at higher
strain. Similarly, Girard et al. (2016) shows ﬂattened ferropericlase grains at their ﬁnal 100% bulk strains and suggest that the
stronger phase controls deformation at lower strains (<20%), but
the weaker phase controls deformation at higher strains. We see
a reduction of differential stress in NaMgF3 with the addition of
NaCl already at strains <10% (Fig. 2b) suggesting that NaCl accommodates a large portion of differential stress even at low strains.
Starting microstructure may also inﬂuence which phase controls deformation, but the relationship between phase connectivity
and which phase controls deformation is not clear-cut: there are
examples of the strong phase controlling deformation when the
weak phase is interconnected (e.g. Madi et al., 2005), and the weak
phase controlling deformation when it is not interconnected (e.g.
Girard et al., 2016).
The controlling phase may also be determined by phase
strength contrast. Estimated strength contrast is greater in studies
that ﬁnd that the weak phase controls deformation (Girard et al.,
2016; Li et al., 2007, this study) compared to studies that ﬁnd the
stronger perovskite phase controls deformation (Madi et al., 2005;
Wang et al., 2013). Here NaCl controls deformation at only 15% vol-
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ume, which may be due to a higher strength contrast for NaMgF3 –
NaCl compared to other composites mentioned here. Then again
Li et al. (2007) and Girard et al. (2016) may have found ferropericlase controls deformation at only 15% volume as well, but they
had no samples with ferropericlase volume between 0 and 25%.
Differential stress in NaCl is about the same for all compositions whereas differential stress in NaMgF3 decreases with increasing NaCl content (Fig. 2b). Thus the stress becomes more evenly
distributed among the two phases as NaCl content increases and
bears more of the strain, modulating the stress. This is consistent
with NaMgF3 becoming less interconnected (Table 2), thus having
less contact with the pistons and bearing less of the load. Temperature also causes stress to be more homogeneously distributed
among the two phases (Fig. 2a).
Strain hardening is observed in both NaMgF3 and NaCl until
∼10–15% followed by no overall trend of either strain hardening
or strain weakening in either phase during steady state deformation (Fig. 2a). By comparison, Girard et al. (2016) observed strain
hardening in aggregates up to 20% strain, followed by a hint of
strain weakening in bridgmanite to their ﬁnal strain of ∼100%. It
is possible that Girard et al. (2016) sees strain weakening because
they deformed samples in shear, while we deformed our samples
under uniaxial compression. Shear localization may occur in both
cases but is less likely to lead to strain weakening in compression
because shear bands do not tend to align with each other as much
as they do in shear strain.
4.1.2. Texture
We ﬁnd a (100) maximum in NaMgF3 at all conditions in all
samples. A secondary maximum at (001) and extension of the
(100) maximum toward {110} and (001) is observed in NaMgF3
in samples with little or no NaCl. It is unclear if this texture is
similar to that of bridgmanite at mantle conditions. While some
DAC experiments report little to no CPO development in bridgmanite (Meade et al., 1995; Merkel et al., 2003), others suggest
bridgmanite develops signiﬁcant texture that varies depending on
the starting material. For example, a (001) transformation texture
was observed in bridgmanite just after conversion from enstatite
that remained up to 56 GPa (Miyagi and Wenk, 2016). Wenk et
al. (2004) and Miyagi and Wenk (2016) both saw a (100) transformation texture in bridgmanite immediately after converting from
olivine or ringwoodite to bridgmanite + ferropericlase. Yet Wenk
et al. (2004) found a subsequent weak {012} deformation texture
while Miyagi and Wenk (2016) saw a (001) deformation texture at
lower pressure followed by a (100) maximum at pressure >55 GPa.
If bridgmanite develops a (100) deformation texture in the lower
mantle due to dislocation creep, then NaMgF3 is a good analog. We
explore likely slip systems in NaMgF3 in the next section.
NaCl in samples with at least 25% NaCl acquire pole density
maxima at {001} or {101} in IPFs (Fig. 4), consistent with previous uniaxial compression studies of NaCl (e.g. Franssen, 1994)
and polycrystalline ferropericlase deformed in a DAC (Merkel et
al., 2002). However, samples containing <25% NaCl instead acquire weak maxima at {112} and {101}. A similar texture was
observed for ferropericlase in bridgmanite–ferropericlase assemblages deformed in the DAC and was attributed to heterogeneous
deformation (Wenk et al., 2004; Miyagi and Wenk, 2016). Weak
ferropericlase textures were also observed by Wang et al. (2013).
Under simple shear deformation, texture development may be
even weaker than in compression experiments. Wenk et al. (2009)
showed that weak texture is observed for NaCl deformed in plain
shear because crystals continue to rotate without converging on a
single component.
Temperature greatly reduced CPO in the 100% NaMgF3 samples, possibly due to additional slip systems becoming more active at higher temperature, thereby decreasing the (100) texture of
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NaMgF3 (e.g. Poirier et al., 1989) or possibly by decreased dislocation mechanisms and increased diffusion. The effect of temperature on two-phase samples was much less and even negligible in
samples containing 50% NaCl or more. Temperature may have less
effect on texture in two-phase samples due to NaCl pinning grain
boundaries of NaMgF3 and thereby limiting dislocation climb and
glide at both lower and higher temperatures (e.g. Herwegh and
Berger, 2004). Alternatively, it could be that NaCl absorbs the same
amount of deformation without developing signiﬁcant CPO at both
low and high temperatures, leaving less to be accommodated by
dislocation slip in NaMgF3 .
As stress builds in NaMgF3 , it begins to deform plastically, initiating dislocation slip. On the other hand, NaCl has lower elastic constants and does not support as much stress as NaMgF3 . It
also develops a much weaker texture either because it deforms
by a mechanism that does not produce crystallographic CPO, or it
may be deforming heterogeneously between neighboring NaMgF3
grains and so does not acquire an overall CPO.
4.2. Polycrystal plasticity simulations
4.2.1. Self-consistent model (VPSC)
We performed viscoplastic self-consistent (VPSC) modeling
(Lebensohn and Tomé, 1993) to investigate likely slip system activities during experiments. VPSC allows grain inclusions of multiple
phases to deform by dislocation slip in a homogeneous medium
that has the average properties of the composite (Eshelby, 1957).
Deformation and rotation of grains depends on their orientation
relative to compression and the relative critical resolved shear
stress (CRSS) of the slip systems. By comparing textures produced
by VPSC simulations with experimental textures, we can estimate
slip systems that were active during the experiment.
In our VPSC models, 2000 grains of each NaMgF3 and NaCl,
present in various volume percent, were compressed to 30% equivalent strain in 1% increments. Grains of both NaMgF3 and NaCl had
little to no texture before deformation in experiments, and thus
were prescribed a random orientation distribution at the start of
VPSC simulations. A stress exponent of n = 3 was assumed (Frost
and Ashby, 1982).
Our ﬁrst approximation of slip system activity in NaMgF3 assumed that slip on (100) produced the pole density maximum
seen at (100) in experimental IPFs (Fig. 3a). Thus we assigned
(100)[010] and (100)011 slip systems the lowest relative CRSS
of 0.5, and varied relative CRSS of additional slip systems until we found the closest match to experimental texture as possible. Relative CRSS and resulting slip system activities are listed
in Table 3. Because twinning is common in perovskite-structured
minerals, we also modeled twinning of {110}111 with VPSC,
which produced a very weak maximum at 100, and thus may
slightly contribute to the (100) pole density maximum (Fig. 4b).
No combination of slip systems reproduced both the maximum
at (100) and the secondary maximum at (001) seen in 100%
NaMgF3 , which suggests a small degree of strain heterogeneity in
single phase NaMgF3 . We are not aware of any previous studies of slip systems in NaMgF3 with which we can compare results here. However, similar to our results for NaMgF3 , Miyagi and
Wenk (2016) suggest preferential slip on (100)[010] or (100)011
in bridgmanite above 55 GPa. Numerical models also ﬁnd slip
on (100) most likely at higher pressure (Mainprice et al., 2008;
Kraych et al., 2016).
VPSC results with slip on {110}111 show a closest match
to experimental NaCl textures with maxima at {100} and {110}
(Fig. 3b) in agreement with studies of slip during uniaxial compression in NaCl (e.g. Franssen, 1994) and in (Mg, Fe)O (e.g. Merkel
et al., 2002; Kaercher et al., 2012). The slip systems {110}111 and
{110}111 have equal Schmidt factors and rotate crystallographic
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Table 3
Relative CRSS of MgSiO3 and MgO inferred from CPO observations for pressures of >35 GPa obtained in DAC (Wenk et al., 2011) compared to relative CRSS assigned to slip
systems for NaMgF3 and NaCl inferred with VPSC in this study. Activity percentages are listed for NaMgF3 (left side) and NaCl (right side) following 30% axial shortening for
various sample compositions and random (R) and percolate (P) VPFFT microstructures corresponding to IPFs in Fig. 3b, c.
Slip systems

(100)
[010]

(100)
011

(010)
101

(001)
[100]

(001)
[010]

(001)
110

{111}
101

CRSS

MgSiO3
NaMgF3

3
0.5

4
0.5

–
10

1
5

1
5

1
5

–
50

VPSC act
(%)

25%vol
75%vol
100%vol

2.5
7.8
10.2

13.6
51.4
79.3

0.0
0.2
0.4

0.0
0.1
0.1

0.2
1.7
4.4

0.2
2.1
5.4

0.0
0.0
0.2

VPFFT
act (%)

R
R
R
P

1.7
5.9
8.1
5.6

10.3
40.3
58.0
38.0

0.1
0.7
1.1
0.4

0.0
0.1
0.1
0.1

1.3
7.2
1.6
4.7

1.5
8.3
13.4
5.5

0.1
2.4
7.8
0.6

25% vol
75%vol
100%vol
75%vol

planes in opposite directions, essentially canceling each other and
so are not expected to produce texture. However, a VPSC study
of NaCl that takes grain shape into account showed that texture
increasingly develops with deformation as grain aspect ratios increase (Wenk et al., 1989).
Pole density maxima predicted by VPSC for both NaMgF3 and
NaCl decreased with the addition of NaCl, but not as much as
observed in experiments (Fig. 3a, b). VPSC overestimates pole densities likely because it assumes that all deformation occurs by
dislocation glide and does not take into account interaction between grains of different phases having different elastic and plastic properties, shapes, and crystallographic orientations. Thus VPSC
simulations, which only consider the interaction among individual
grains and the homogeneous equivalent medium, underestimate
stress and strain heterogeneity and are not ideal for modeling twophase deformation.
4.2.2. Viscoplastic model using fast Fourier transform (VPFFT)
We also modeled two-phase viscoplastic deformation with a
method that uses fast Fourier transforms (VPFFT) and Greens functions to solve the governing equations for stress and strain rate in
response to an applied strain at regularly-spaced grid points in a
chosen 3D microstructure (Lebensohn, 2001). Individual grain orientations, shapes, grain–grain interactions, and intragranular heterogeneity of the micromechanical ﬁelds are considered, making
it well-suited for simulating deformation in a heterogeneous twophase composite.
Three periodic “random” microstructures with equant grains
of NaMgF3 and NaCl present in different volume percent (100%
NaMgF3 , 75% NaMgF3 –25% NaCl and 50% NaMgF3 –50% NaCl), and
one “percolate” microstructure with 25% volume NaCl sitting as
veins between equant NaMgF3 grains were created using Voronoi
tessellations (Voronoi, 1908) and are shown in Fig. 7. NaCl grains
were made roughly ﬁve times smaller than NaMgF3 grains based
on relative grain sizes seen in Fig. 5b. The 3D grain maps were
discretized into a 64 × 64 × 64 grid of Fourier points. In the
75% NaMgF3 random microstructure, 96.4% of NaCl Fourier points
are contained in one interconnected grain cluster, and in the
25% NaMgF3 random and 75% NaMgF3 percolate microstructures,
NaCl Fourier points are 100% interconnected, similar to experimental microstructures (Table 2). Grains may shorten but must
maintain constant volume (e.g. they cannot break or grow), and
connectivity does not change during deformation in these simulations. Initial orientation of grains was assigned as random to be
consistent with experimental observations. The same relative CRSS
used in VPSC simulations (Table 3) were assigned here as well.
Stress was deﬁned as axial compressive to a total strain of 30% in
increments of 2% strain.

{111}
101

{110}
110

{100}
011

MgO
NaCl

0.75
2.50

0.50
0.25

1.00
3.00

16.5
63.3
100.0

75%vol
25%vol
0%vol

8.2
5.6
–

63.9
23.3
–

11.4
7.9
–

83.5
36.8
–

14.9
64.9
100.0
54.8

R
R
R
P

12.9
6.9
–
10.4

53.9
18.3
–
19.6

18.4
10.0
–
15.2

85.1
35.1
–
45.2

Tot
(%)

75%vol
25%vol
0%vol
25%vol

Tot
(%)

While the 75% NaMgF3 “random” microstructure IPF (Fig. 3c)
shares the (100) pole density maximum seen in the experimental 75% NaMgF3 IPF (Fig. 3a), the “percolate” microstructure IPF
(Fig. 3c) shares the extension of the (100) NaMgF3 maximum toward {110} and a secondary maximum that resembles the extension towards (001) and more accurately matches the maximum
pole densities for both NaMgF3 and NaCl. This suggests a hybrid
of “random” and “percolate” microstructures in experimental samples, conceivably with the majority of clusters of NaCl lying in
planes perpendicular to compression and thinner and fewer networks of NaCl connecting these planes, similar to the deformed
microstructure seen in Fig. 6c.
VPFFT predicts similar slip system activities as VPSC for “random” microstructures, but with slightly more homogeneously distributed slip activity (Table 3). This correlates with smoother textures in VPFFT IPFS, because in contrast to VPSC simulations in
which every point in a grain experiences the same plastic distortion, VPFFT allows deformation states among points in the same
grain to deviate from each other. Other differences arise from
VPFFT providing exact solutions while VPSC approximates nonlinear behavior with a linearization scheme (Lebensohn et al.,
2016). The smoother textures predicted by the VPFFT model more
closely match experimental two-phase aggregate textures, while
sharper VPSC textures more closely resemble experimental 100%
NaMgF3 textures (Fig. 3).
In both VPSC and random microstructure VPFFT simulations,
the percent of deformation accommodated by secondary slip
systems in NaMgF3 increases with increasing NaMgF3 content
(Table 3). However this increased activity of secondary slip systems
in the random 100% NaMgF3 and 75%NaMgF3 microstructures fails
to reproduce the extension of the (100) maximum toward {110}
and (001) seen in the experimental NaMgF3 IPFs (Fig. 3). Instead
in the VPFFT microstructures with the least amount of secondary
slip system activity, 25% NaMgF3 random and 75% NaMgF3 percolate microstructures, acquire the extension of the (100) maximum
towards {110} and (001), suggesting that the extension becomes
more pronounced if deformation is accommodated by slip solely
on (100). Results for the “percolate” microstructure show much
greater activity in NaCl compared with the random microstructure
(Table 3) showing it accommodates a greater percent of the total
deformation as a thin network.
The relationship between microstructure, strain rate, and stress
is best viewed as 2D slices rather than as 3D projections, thus in
Fig. 7 we show slices through the 3D microstructure along with
associated maps of von Mises equivalent strain rates and stresses
shown as scalar quantities. Strain rate maps in Fig. 7 (middle
row) show that strain partitions into the weaker NaCl, especially
in the “percolate” microstructure. This agrees with ﬂow laws outlined by Handy (1994) that predict strain localization in the weak
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Fig. 7. Maps of VPFFT microstructures with darker gray NaMgF3 grains and lighter gray NaCl grains (top row), average strain rate (ε̇ ) maps (middle row), and average stress
maps (−σ ) (bottom row) with fastest strain rates and highest stresses shown in black. Homogeneously deformed to 30% strain.

phase in aggregates with an interconnected weak layer (IWL) microstructure. In such structures, the strain rate in the weak phase
correlates to the strength contrast and volume percent of the
two phases. Strain rate is most heterogeneous in NaCl in twophase samples with higher NaMgF3 volume percent, especially in
the “percolate” microstructure, which may help explain the weak
and irregular textures seen in NaCl IPFs. Strain rates are greatest
and most heterogeneous in NaMgF3 in the 100% NaMgF3 sample.
The greater heterogeneity may be responsible for the secondary
maximum that appears at (001) in the 100% NaMgF3 random microstructure IPF.
Stress maps in the bottom row of Fig. 7 show that NaMgF3
supports more stress than NaCl in all samples, which we also
observed in experiments. Stress is greatest and most heterogeneous in NaMgF3 in the 100% NaMgF3 sample. Differential stresses
were calculated for each phase in all microstructures, and we
ﬁnd that the model underestimates the ratio of differential stress
(−σNaMgF3 /−σNaCl ) supported in two-phase samples compared
with experiments: −σNaMgF3 /−σNaCl in the 25% NaMgF3 and
75% NaMgF3 random microstructures is 2.47 and 6.06, respectively,
and in the 75% NaMgF3 percolate microstructure, 3.35; in comparison −σNaMgF3 /−σNaCl for maximum stresses in experimental
samples 30% NaMgF3 and 75% NaMgF3 is 4.13 and 8.71, respectively.
Here we focus on dislocation slip as the active deformation
mechanism, but it should be mentioned that the lack of CPO development in NaCl, its small grain size (≤1 μm) seen with SEM
(Fig. 5b), and change in connectivity and grain cluster size of NaCl
during deformation (Table 2, Fig. 6) may suggest grain-size sensitive creep mechanisms accommodated by grain boundary sliding.
Likewise, previous studies have found deformation controlled by
secondary phases occurs by Nabarro–Herring creep and/or Coble
creep due to grain growth being limited by a secondary phase (e.g.
calcite–anhydrite, Barnhoorn et al., 2005). However, ﬂattened grain
clusters seen in Fig. 6c suggest the sample deformed by plasticity,
not by diffusion creep. The weak texture of NaCl may well result
from heterogeneous deformation by dislocation slip and not lack of
dislocation slip. It is also possible that the dominant deformation
regime evolves with strain and microstructural changes. For example, Li et al. (2007) argue for MgO deforming in power law creep
by dynamic recrystallization, and because of the presence of a sec-

ond phase, grain size is reduced, so they suggest there may be a
switch to grain-size sensitive creep.
4.3. Implications for the lower mantle
At axial strains up to 51%, CPO in the bridgmanite analog,
NaMgF3 , was notably lower in two-phase samples compared with
single phase NaMgF3 (Fig. 4b), which suggests that weaker phases,
like ferropericlase, may absorb deformation without signiﬁcantly
contributing to CPO and in fact will likely reduce CPO in the perovskite phase. This may explain the lack of anisotropy in the lower
mantle. This view differs somewhat from that of Girard et al.’s
(2016), which suggests that deformation is localized (based on
observed strain weakening in their samples) leaving the majority of the lower mantle undeformed and thus without CPO and
anisotropy. However, we do not see strain weakening here despite
the larger rheology contrast between NaMgF3 and NaCl compared
to bridgmanite and ferropericlase. Even so, strain weakening may
still occur in areas of high simple shear strain as opposed to areas
of pure shear strain.
We ﬁnd lower differential stress at all strains (Fig. 2b) in twophase samples compared to single phase NaMgF3 suggesting that
weaker ferropericlase will reduce lower mantle strength even at
low strains. This suggests by analogy that MgO may play a major
role in determining lower mantle strength. If MgO is the deformation controlling phase in the lower mantle, it will not only
affect CPO but also determine viscosity and affect geodynamical
processes such as plate motion (Tackley, 2000), slab subduction
and stagnation (Marquardt and Miyagi, 2015), mantle plumes and
hotspots (French and Romanowicz, 2015), and relatedly, variation
in ocean island basalt geochemistry (Li et al., 2014).
As discussed above, analog minerals may deform differently
elastically and plastically than their lower mantle counterparts. For
example, differences in slip system activities between analogs and
lower mantle minerals could result in a different seismic signature
if CPO develops. Partitioning of stress and strain in bridgmanite
and ferropericlase may vary from that of NaMgF3 and NaCl depending on strength contrast at lower mantle conditions. In addition our starting microstructure for 75% NaMgF3 –25% NaCl samples had NaCl already highly interconnected, whereas a eutectoid
microstructure is expected at the top of the lower mantle after
dissociation from Mg2 SiO4 phases. However, even in the case of
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a starting microstructure with isolated ferropericlase, it may still
control deformation (Girard et al., 2016). Conditions in the lower
mantle, such as strain rate, grain sizes, and temperature, which affect deformation, may differ from those in our experiments. For
example, slip is less active at lower strain rate in NaCl (Carter and
Heard, 1970) and MgO (Routbort, 1979), which suggests that CPO
may be even less in the lower mantle (strain rates of ∼10−14 s−1 )
than in D-DIA experiments (∼10−3 s−1 ). Calculations of grain sizes
in the upper-most lower mantle that take into account Zener pinning during two-phase growth by grain-boundary diffusion estimates grain sizes on the order of 100–1000 μm (Solomatov et al.,
2002), which is 1 to 2 orders of magnitude larger than grains in
our experiments and may result in grain-size independent mechanisms, such as dislocation creep, being more active (e.g. Frost and
Ashby, 1982) and may enhance CPO. At higher temperatures, dislocation creep may become less active or may, on the other hand,
lead to larger grain growth making dislocation creep more active.
Results here indicate that temperature did not greatly affect CPO
development in two-phase samples, but has a stronger effect on
aggregate strength (Fig. 2b).
5. Conclusion
We present evidence that ferropericlase may become interconnected in the lower mantle, leading to reduced viscosity and weakening of CPO. These results reiterate the importance of including
the effect of secondary phase ferropericlase on rheology in geophysical models of the lower mantle.
While our results strongly suggest reduction of CPO due to
ferropericlase controlling deformation, results presented here cannot constrain which deformation mechanism is responsible for
CPO reduction. Future systematic deformation experiments on
bridgmanite–ferropericlase aggregates coupled with in situ microtomography and/or ex situ electron microscopy may help to construct deformation maps that can be extrapolated to better constrain likely deformation mechanisms in the lower mantle. Such
experiments are becoming increasingly feasible (with larger, more
easily recoverable samples) thanks to increased pressure range of
large volume presses (T-cups, Drickamer, D-DIA). Alternatively twophase deformation of lower mantle minerals may be predicted
by comprehensive models that allow for not only dislocation slip
but also grain nucleation, grain growth, grain-boundary migration and lattice diffusion creep. In addition, the effects of starting microstructure, strength contrast, and aggregate strain should
be looked at more closely. The starting microstructure here had
NaMgF3 and NaCl already highly connected. Future experiments
should be done to compare results for samples with different starting microstructures. As shown here, the viscoplastic fast Fourier
transform-based approach is a valuable tool for predicting stress
and strain partitioning and CPO development in polyphase samples
with different starting microstructures. We compare results here
to previous studies to examine the role strength contrast between
the two phases plays in determining the deformation-controlling
phase and suggest that this may evolve with strain, but more systematic studies are necessary. Modeling of two-phase deformation
using VPFFT or ﬁnite element methods may be best suited for this
pursuit as well.
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