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Plastic deformation and texture development in minerals of the lower mantle can result in seismic anisotropy, and studying deformation of lower mantle materials is therefore important for interpreting lower mantle flow. Most previous deformation experiments documenting texture development at lower mantle pressures have been conducted on single-phase samples and/or at room temperature. However, real rocks deform at high temperature and are poly-phase and deformation is therefore likely different from that of a single phase. Here we report on high temperature diamond anvil cell deformation experiments on a multiphase assemblage of bridgmanite, ferropericlase, and ringwoodite compressed from ∼28 to ∼39 GPa and resistively heated at a constant temperature of 1,000 K. We employ the elasto-viscoplastic self-consistent method to model both texture and lattice strain of bridgmanite as a function of deformation mechanisms. Simulations indicate deformation of bridgmanite is accommodated by about half of slip activity on (100)[010] with the remainder split between (100)[001] and/or (100)〈011〉. Texture in bridgmanite is consistent with most seismic observations in the lowermost mantle. Although there is texture development in both bridgmanite and ringwoodite, ferropericlase does not develop coherent texture throughout the course of the experiment. Analysis of lattice strains suggests that the lack of coherent texture development in ferropericlase is due to heterogeneous plastic deformation resulting from microstructural interactions imposed by other phases. Variations in texturing of bridgmanite and ferropericlase could therefore cause laterally varying, complex anisotropy. Our models for binary mantle-like mixtures of bridgmanite and ferropericlase show that changes in strain and texture partitioning can explain the range of observed lower mantle anisotropies.
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INTRODUCTION
Seismic anisotropy has been linked to geodynamic processes such as flow in the upper mantle (Ribe, 1989; Dawson and Wenk, 2000). Lower mantle dynamics are less well constrained and studying lower mantle rheology may shed light on large-scale mantle convection and the fate of subducted slabs at the core-mantle boundary (CMB). The bulk of the lower mantle is seismically isotropic and it has been suggested that diffusion creep, which may not produce seismic anisotropy, dominates in most of the lower mantle (Karato and Li, 1992). Seismic anisotropy is observed at several locations in the shallow lower mantle, in the vicinity of subducted lithospheric slabs, and in the lowermost mantle just above the CMB (see Romanowicz and Wenk, 2017 for a review). Deformation in these regions is proposed to be accommodated by dislocation creep, leading to texture (crystallographic preferred orientation) of lower mantle minerals which can result in seismic anisotropy (McNamara et al., 2002). The lower mantle is widely believed to be dominated by bridgmanite and ferropericlase (Wang et al., 2015; Kurnosov et al., 2017). Both phases have been proposed as a dominant contributor to shear wave splitting in the top part of the lower mantle (Karki et al., 1999; Wenk et al., 2006a; Long and Silver, 2009; Marquardt et al., 2009; Lynner and Long, 2015; Tsujino et al., 2016; Immoor et al., 2018; Ferreira et al., 2019). However, previous inferences were predominantly based on texture measurements performed on mono-mineralic samples.
In the D” region, which lies just above the CMB, seismic anisotropy is often attributed to preferred alignment of magnesium silicate post-perovskite (pPv; e.g., Miyagi et al., 2010; Wu et al., 2017). The single crystal elastic shear anisotropy of pPv is significantly greater than bridgmanite (Wentzcovitch et al., 2006), and thus pPv has the potential to produce larger bulk anisotropy. Indeed, calculations of texturing and bulk anisotropy for pPv are broadly consistent with seismic observations in the D” (Creasy et al., 2020; Miyagi et al., 2010; Wu et al., 2017; see also Romanowicz and Wenk 2017 for a review) and this further supports its presence in the D” and its importance to lowermost mantle anisotropy. However, variations in the estimations of both core temperatures and the bridgmanite-to-pPv Clapeyron slope will change the depth of the stability field of pPv (Spera et al., 2006; Hernlund and Labrosse, 2007). Additionally, the substitution of Fe and Al into the perovskite structure complicates the transition between bridgmanite and pPv, and bridgmanite is likely to be stable in a large number of regions above the core mantle boundary (Akber-Knutson et al., 2005; Hernlund et al., 2005; Spera et al., 2006; Tateno et al., 2007; Catalli et al., 2009; Andrault et al., 2010; Grocholski et al., 2012; see also Hirose et al., 2017 for a review). Therefore, end-member contributions to seismic anisotropy from bridgmanite and its interactions with other lower mantle mineral phases should be included when considering deformation behavior of the lowermost mantle.
Determining the dominant contributor to lower mantle seismic anisotropy from multiphase experiments is important because variations in strain partitioning among phases may change the effective anisotropy of a polycrystalline aggregate with respect to simple averaging expected from single-phase properties. A limited number of experimental studies have examined texture in situ in multiphase samples composed of lower mantle minerals and analogs (Wang et al., 2013; Kaercher et al., 2016; Miyagi and Wenk, 2016), but no study has analyzed texture development in a lower mantle rock deformed at lower mantle pressures and high temperature.
Here, we report results of in situ high-temperature deformation experiments at lower mantle pressures on an aggregate composed mostly of bridgmanite and ferropericlase. Our experiments are performed using a resistive heated radial diamond anvil cell (RDAC) (Liermann et al., 2009; Merkel et al., 2013; Miyagi et al., 2013; Immoor et al., 2018; Immoor et al., 2020) that allows for a continuous and uniform heating of samples deformed at lower mantle pressures. In-situ radial X-ray diffraction records lattice strain and texture development. While this study did not achieve lowermost mantle pressures and temperatures, it is the first to examine texture formation in a multiphase aggregate composed of lower mantle minerals at simultaneous high temperature and pressure. Therefore, our results add new information to inferences made from texturing in mono-mineralic samples and to the understanding of the effects of strain partitioning among minerals in the lower mantle.
MATERIALS AND METHODS
Experiment
Experiments were carried out at beamline P02.2 at the 3rd generation light source, PETRA III, in Hamburg, Germany. Starting material was San Carlos olivine (Mg0.89–0.91Fe0.9–0.11SiO4; Fournelle, 2011) with a small platinum flake added as a pressure standard (Fei et al., 2007). The 50 μm wide sample was housed in an amorphous boron epoxy gasket (50 μm initial thickness) with a Kapton confining ring (Merkel and Yagi, 2005) and compressed between two 300 μm flat culet diamond anvils using a gas membrane. The sample was compressed offline to 30 GPa, as measured by the diamond Raman edge pressure scale (Akahama and Kawamura, 2004). The sample was then converted with offline laser heating by rastering the laser (20–30 μm spot size) over the sample for ∼15 min. Constraints imposed by the resistive heated-DAC sample stage do not allow online laser heating when the end station is configured for resistive heating (Liermann et al., 2009; Immoor et al., 2020). Thus, laser heating was done offline and no diffraction images were taken prior to or during conversion. To inhibit the growth of large grains, laser heating was performed at the lowest possible temperature that the phase transformation could be induced following the protocol described in Miyagi and Wenk (2016). Temperature was below the threshold that can be measured with spectroradiometry, but we estimate average temperatures were on the order of 1,300 K. Conversion was monitored by the change in sample appearance from transparent to opaque when viewed in transmitted light (Miyagi and Wenk 2016).
The resistive heating array (Liermann et al., 2009; Immoor et al., 2020) was assembled post-conversion, and a radial diffraction image was taken to confirm the presence of bridgmanite. The aggregate was then gradually heated to ∼1,000 K over the course of 3 h and 15 min. Temperature was measured with an R-type thermocouple placed on the diamond pavilion near the culet and previous studies have found temperature gradients of no more than ±60 K with this method (Liermann et al., 2009; Merkel et al., 2013). Once the sample was at ∼1,000 K, a radial diffraction image was taken to record aggregate properties such as pressure, lattice strains, and textures among phases prior to simultaneous heating and compression (Figure 1). Pressure was 28 GPa based on the platinum equation of state (Fei et al., 2007) with errors on the order of ±1 GPa (Liermann et al., 2009). Over 75 min, the sample was compressed in five steps from ∼28 to ∼39 GPa while maintaining a constant temperature of 1,000 K (Table 1). Diffraction images were collected in situ in radial geometry on a Perkin Elmer (XRD1621) detector located ∼600 mm from the sample. The detector was exposed for 30 s to a 42.7 keV (0.28965 Å) X-ray beam focused by compound refractive optics to a spot with a full width of 8 μm × 3 μm at half its maximum intensity. Due to failure of the gasket and diamonds at ∼39 GPa, no diffraction images could be gathered on decompression and the sample was not recoverable.
[image: Figure 1]FIGURE 1 | Diffraction images (left) and Rietveld refinement fits for the average of all 5° spectra (right) from the software Materials Analysis Using Diffraction for (A) image 139 taken after raising the temperature of the converted aggregate to 1,000 K but before additional compression, (B) image 160 showing the partially compressed aggregate, and (C) image 172 taken at the final stage of compression. Colored, dashed vertical lines of arbitrary height indicate peak locations. Diffraction peaks used for reported Q(hkl) for bridgmanite, ferropericlase, and ringwoodite are labeled on plots (A), (B), and (C), respectively.
TABLE 1 | Experimental conditions and Rietveld fit results (using Materials Analysis Using Diffraction) of in situ diffraction images.
[image: Table 1]Data Refinement
2-D diffraction images were converted in 5° increments to 72 spectra using Fit2d (Hammersley et al., 1996) and converted into single datasets (.esg files) using the program fit2d2maud (Merkel, 2008). The .esg files from this conversion are available from the repository Zenodo. The diffraction patterns were analyzed by the Rietveld method using the software package Materials Analysis Using Diffraction (MAUD; Lutterotti et al., 1997; Figures 1, 2). The first two steps of the data analysis are: one, calibration; two, lattice strain and texture analysis (Lutterotti et al., 2014; Wenk et al., 2014). Lattice strains are fit with the model “radial diffraction in the DAC” (Singh et al., 1998). Textures were refined using the Entropy modified Williams, Imhof, Matthies and Vinel (E-WIMV) model (Chateigner et al., 2019) to produce an orientation distribution function with a resolution of 10°. The E-WIMV model is optimized for incomplete and arbitrary pole figure coverage, and alleviates problems associated with overlapping diffraction peaks. Inverse pole figures are calculated from the orientation distribution function by exporting data into Beartex (Wenk et al., 1998) and smoothing with a 7.5° Gaussian filter. The inverse pole figures of the compression direction show the probability of finding a pole to a plane in the compression direction. This probability is expressed in multiples of random distribution (m.r.d.), where an m.r.d. of 1 is random, an m.r.d. > 1 indicates higher probability, and an m.r.d. < 1 indicates lower probability.
[image: Figure 2]FIGURE 2 | “Map-plot” of spectra obtained by integrating the diffraction image in 5° azimuthal sectors and corresponding Rietveld refinement (top). Map-plot is of image 172 and was taken in-situ at ∼39 GPa and 1,000K. Black arrows indicate compression direction. Pt, PtB peaks are labeled. Peaks for stishovite shown in blue, ringwoodite in red, and ferropericlase in green. Black labeled peaks are bridgmanite.
The ferropericlase 111 peak overlaps with both the ringwoodite 311 and the bridgmanite 200 peak (Figures 1, 2) and changes in refined values of one of these has an effect on the refinement of the other. Therefore, unless one of the diffraction peaks is independently informed, the interplay between the overlapping diffraction peaks may bias lattice strain and texture refinement for all three phases. A practical solution to this problem is refinement over a d-spacing range that includes the ferropericlase diffraction peak for 222 (∼1.75–5.90 Å−1). Unfortunately, this range contains a large number of low-intensity diffraction peaks which destabilizes the refinement and convergence could not be obtained. We refine over ∼1.75–5.90 Å−1 only to obtain lattice strains for the diffraction peaks of ferropericlase 222 and 311. Any unstable parameters are fixed to allow refinement of the ferropericlase lattice strain. Once completed, the lattice strain value of 222 is input as the value for 111 and fixed. The refinement is then restricted ∼1.75–5.00 Å−1, previously fixed crystallographic parameters are freed, and the refinement proceeds for lattice strain and texture as described above.
Lattice Strain Analysis and Plastic Deformation
Lattice strains produced by uniaxial stress along diffracting lattice plain normals, Q(hkl), are determined following the theory presented by Singh et al. (1998) as part of the Rietveld full spectrum analysis described above. In an elastic regime, lattice strains are related to differential stress (t) and the aggregate shear modulus under Voigt condition (iso-strain; GV) and the Reuss condition [iso-stress; GR(hkl)] (Singh et al., 1998).
[image: image]
Where α is a parameter giving the weight between the Voigt and Reuss bounds. An aggregate deforming elastically should have a value for α that falls within the bounds of the Voigt and Reuss conditions (0 ≤ α ≤ 1).
When plastic deformation occurs the value of α is instead unconstrained, and can exceed the elastic bounds (Chen et al., 2006). The analysis of the evolution of lattice strains with compression is thus useful to evaluate the presence of plastic deformation in the case of weak or absent texture development in complex multiphase aggregates such as we observe for ferropericlase in this experiment (see Discussion below).
Elasto-Viscoplastic Self-Consistent Modeling
Texture development is dependent on deformation geometry and deformation mechanisms. Since the deformation geometry is known for a DAC experiment, texture development can be used to constrain deformation mechanisms (Wenk et al., 2006b). However, inferring the mechanism of texture formation can result in a non-unique solution. Such is the case for bridgmanite, where models of different slip systems may produce the same texture (Miyagi and Wenk, 2016). Lattice strain, Q(hkl), further constrains active slip systems because Q(hkl) anisotropy is also a function of deformation mechanisms (Turner and Tomé, 1994). The elasto-viscoplastic self-consistent (EVPSC) code (Wang et al., 2010) models both texture and Q(hkl) as a function of deformation mechanisms and is therefore preferable to VPSC code (Lebensohn and Tomé, 1993) where only texture can be modeled. EVPSC has been recently adapted to model high pressure deformation experiments (Lin et al., 2017). Using the EVPSC code, we have modeled the deformation of bridgmanite and compared the results with our experimental lattice strains and textures in order to identify the combination of slip systems consistent with both elastic and plastic behavior observed in our complex sample material (Supplementary Text 1.1).
RESULTS
Experimental Results
Synthesis with laser heating resulted in an aggregate composed of bridgmanite, ferropericlase, ringwoodite, and stishovite (Table 1). Pt and PtB (platinum boride) were also present and make up <1% of the aggregate volume. The volume fraction of phases is determined by the least squares full spectrum Rietveld fits. Due to the complexity of bridgmanite and ringwoodite structures, the uncertainty on Fe partitioning (which affects relative peak intensities), and the complexity of the combined stress and texture fit, we consider these volume fractions an estimation with an uncertainty not smaller than ±5 vol%. This uncertainty propagates to our calculated total (Fe + Mg)/Si ratio (∼1.88 for image 145) based on the estimated volume fractions. In addition, different diffraction images likely sample slightly different regions of the sample. This is due to the very small size of the X-ray beam with respect to the width of the sample chamber.
After conversion by laser heating, the inverse pole figure for bridgmanite has a maximum near 100 (1.8 m.r.d) that is offset toward 110 (Figure 3A; Supplementary Table S1). This is consistent with previously observed transformation textures associated with synthesis of bridgmanite from olivine (Wenk et al., 2006b; Miyagi and Wenk 2016). Both ferropericlase and ringwoodite show a weak texture (1.3 m.r.d.) (Figure 3A; Supplementary Table S1). Upon reaching 1,000 K in the resitive heating assemblage, texture in bridgmanite is slightly weaker (1.6 m.r.d.) and has shifted toward 100. Ferropericlase (1.1 m.r.d.) and ringwoodite (1.2 m.r.d.) are near random (Figure 3B; Supplementary Table S1). Throughout the course of the experiment, bridgmanite develops a deformation texture with (100) at high angles to compression (Figures 3C–F). At 39 GPa, just before gasket failure, texture development near 201 is the most pronounced (2.3 m.r.d.; Figure 3F; Supplementary Table S1). In contrast, ferropericlase does not develop a coherent texture during the duration of the experiment. Texture in ferropericlase remains weak (<1.4 m.r.d.) from 28–37 GPa (Figures 3B,C; Supplementary Table S1), is nearly random (1.3 m.r.d.) by 38 GPa (Figures 3D,E; Supplementary Table S1), and remains nearly random (1.2 m.r.d.) until the end of the experiment at 39 GPa (Figure 3F; Supplementary Table S1). This is different from single-phase experiments where ferropericlase develops significantly stronger textures at similar pressures (∼9.1 m.r.d. at 35 GPa; Merkel et al., 2002) and temperatures (>2.2 m.r.d. at 39 GPa and 1,150 K; Immoor et al., 2018). Ringwoodite shows weak and varied texture (<1.4 m.r.d.) from 28 up to 38 GPa (Figures 3B–E; Supplementary Table S1). At 39 GPa, a modest (011) texture (1.6 m.r.d.) develops in ringwoodite (Figure 3F; Supplementary Table S1) similar to that seen in single-phase experiments by Wenk et al. (2005).
[image: Figure 3]FIGURE 3 | Inverse Pole figures (compression direction) of a bridgmanite (Bg), ferropericlase (Fp), and ringwoodite (Rw) aggregate compressed non-hydrostatically at a constant temperature of ∼1,000 K. The post-conversion texture is shown for reference in (A) at 30 GPa and 300 K and is separated from the resistive heating textures by a black, dashed, and rectangular contour. The onset of simultaneous heating and compression occurs at (B) ∼28 GPa, and the experiment ends at (F) ∼39.0 GPa. Pressures are calculated from the cell parameter of Pt (Table 1). Associated diffraction images are (A) 001, (B) 139, (C) 145, (D) 160, (E) 166, and (F) 172. The scale bar shows multiples of random distribution (m.r.d.).
Q(hkl) are a measure of the strains induced by axial stress along individual (hkl) diffracting plane normals and were chosen for analysis based on degree of overlap with, and intensity relative to, other peaks. Throughout the course of the experiment, the bridgmanite 200 diffraction peak shows the largest lattice strain (Figure 4A; Supplementary Table S1). Immediately post-conversion, all other Q(hkl) for bridgmanite are within error of one another. From ∼28 to ∼37 GPa, Q(200) > Q(204). From ∼28 to ∼36 GPa, Q(110) ≅ Q(221) and Q(111) is slightly larger (Figure 4B; Supplementary Table S1). At higher pressures (≥ 37 GPa), Q(110) ≅ Q(111) ≅ Q(221). At 38 GPa, the magnitude of Q(204) decreases and it becomes similar in magnitude to Q(111), Q(110), and Q(221). Ferropericlase shows Q(111) ≅ Q(220) > Q(200) post-conversion (Figure 4B; Supplementary Table S1). During pressure increase at high temperature, Q(111) > Q(220) > Q(200) until ∼36 GPa, where Q(111) ≅ Q(220) (Figure 4B; Supplementary Table S1). An anomalous value of Q(111) at ∼38 GPa is associated with a lower volume fraction of ferropericlase in the diffraction image (166; Table 1). In ringwoodite, the magnitude of Q(311) is less than Q(400) post-conversion, at ∼28 GPa, and ∼34 GPa. From 36 to 38 GPa, Q(311) is within error of Q(400). Q(311) is slightly greater than Q(400) at 39 GPa (Figure 4C; Supplementary Table S1).
[image: Figure 4]FIGURE 4 | Variation with pressure of experimental Q(hkl) values of the individual phases (A) bridgmanite (B) ferropericlase, and (C) ringwoodite present in the aggregate compressed non-hydrostatically at ∼1,000 K. Additional values of Q(hkl) of the converted assemblage at 30 GPa and 300 K (image 001) are shown inside black, dashed elliptic contours for reference. Pressures are based on the unit cell parameter of Pt (Table 1). Experimental values for Q(hkl), based on lattice strain theory (Singh et al., 1998) were determined as part of the Rietveld refinement procedure performed with Materials Analysis Using Diffraction software. Bars showing standard deviations from the software are given on each data point and dashed lines are a guide for the eye.
Elasto-Viscoplastic Self-Consistent and Viscoplastic Self-Consistent Models of Bridgmanite
Over 100 EVPSC models were compared to the experimental textures and Q(hkl) for bridgmanite (Figures 3, 4). Ten different slip systems (Supplementary Table S2) were used to account for deformation. Eight of these slip systems were chosen because they are commonly cited in literature (Supplementary Text 1.2). Initial runs emphasized a single, dominant slip system (Supplementary Figure S2) by setting the critical resolved shear stress (CRSS) of the desired dominant slip system to 1.0 GPa and the auxiliary slip systems to 30 GPa to minimize their activity (i.e. <1 % active). While physically unrealistic (see Wenk and Christie, 1991 for a discussion), this minimizes the effect of non-dominant slip systems on texture and Q(hkl) values and isolates the effects of individual slip systems. Results then inform our choice of slip systems for runs with two or more dominantly active slip systems and lead to a first order approximation of a more physically realistic set of slip systems. To best compare plastic strain in models to experimental texture development, we model to a total plastic strain of 20% which is estimated to be achieved at similar pressures in a DAC (Merkel and Yagi, 2005).
EVPSC models match experimental textures (Figure 3) well for slip on (100)[010] (Supplementary Figure S2A) and (100)〈011〉 (Supplementary Figure S2C) and moderately well for slip on (100)[001] (Supplementary Figure S2B) and (110)〈−110〉 (Supplementary Figure S2H). Of these four, none have a Q(hkl) order which matches experimental data. To fit the magnitude and order of Q(hkl) and texture evolution, several runs testing combinations of slip systems were performed (Table 2; Figures 5, 6, Supplementary Figure S3).
TABLE 2 | Critical Resolved Shear Stresses (CRSS) for the three paired slip models of bridgmanite. Pressure dependence applies only to elasto-viscoplastic self-consistent models.
[image: Table 2][image: Figure 5]FIGURE 5 | Model results of bridgmanite for the slip system pair (100)[010] and (100)[001]. The results of elasto-viscoplastic self-consistent (EVPSC) modeling show (A) texture with color scales of the inverse pole figure (compression direction) given in multiples of random distribution. Q(hkl) and slip system activity are shown in plot (B) and (C), respectively. Pole figures (D) from VPSC models were simulated with the same critical resolved shear stress values as the EVPSC model. Shear orientation is top to the left, shown by the arrows. The activity of all but (100)[010] and (100)[001] is <1% at all conditions.
[image: Figure 6]FIGURE 6 | Model results for the slip systems pair (100)[010] and (100)〈011〉. The results of elasto-viscoplastic self-consistent (EVPSC) modeling are shown in (A–C). Panel (A) shows texture with color scales of the inverse pole figure (compression direction) giving multiples of random distribution. Q(hkl) and slip system activity are shown in plot (B) and (C), respectively. VPSC models were run with the same critical resolved shear stress values as the EVPSC model and pole figures are shown in (D). The sense of shear is top to the left. The activity of all but (100)[010] and (100)〈011〉 is <1% at all conditions.
Of the three paired slip system models that provide a satisfactory fit to textures, slip on (100)[010] + (110)〈−110〉 (Supplementary Figure S3) does not match experimental Q(hkl) order (Figure 4A) in that Q(200) and Q(204) are inverted. Slip system pairs (100)[010] + (100)[001] (Figure 5) and (100)[010] + (100)〈011〉 (Figure 6) have a Q(hkl) order most closely matching our experimental results. While neither model captures the rapid decrease in Q(204) at ∼38 GPa (image 166), rapidly increased slip activity on either (100)[001] or (100)〈011〉 will cause Q(204) to be surpassed by all other Q-factors without causing significant texture differences to experimental values (Figure 3) and thus does not require altering our interpretation of which slip systems are active. Adding a third slip system does not improve model fits to experimental results.
Comparing texture development to the results of Tsujino et al. (2016) provides additional constraints. Tsujino et al. deformed a sintered bridgmanite aggregate at 1,873 K and 25 GPa to 80% shear strain in a deformation-DIA (D-DIA where DIA refers to diamond as this press geometry was originally used for diamond synthesis) apparatus and, based on phenomenological considerations of recovered samples, concluded slip on (100)[001] dominates in bridgmanite (2016). We simulate simple shear texture development with the slip systems proposed by Tsujino et al. (2016) using VPSC (Lebensohn and Tomé, 1993), which does not model Q(hkl) and is computationally less intensive than EVPSC. Our modeled (010) pole figure (Supplementary Figure S4) lacks development of the maximum in the vertical direction (i.e., at the center) of the (010) pole figure presented by Tsujino et al. (2016). Part of this discrepancy may be that our VPSC simulations model only simple shear and would not capture any texture development caused by a significant component of pure shear. However, the reciprocal space coverage of the measurements by Tsujino et al. (2016) allows only for a direct detection of signal from planes oriented such that their poles plot on the periphery of the pole figure and thus there is no data coverage where the (010) maximum appears in their ReciPro analysis. This maximum is reconstructed and is notably absent in their analysis using MAUD, where the (010) pole figure exhibits more of a girdle in the shear plane (Tsujino et al., 2016). Therefore, our VPSC model provides a satisfactory match to their experimental results. However, EVPSC models of compression lattice strains caused by slip on (100)[001] (Supplementary Figure S2B) are inconsistent with our experiment (Figure 4A). Simulations with dominant (100)[010] + (100)[001] (Figure 5D) or dominant (100)[010] + (100)〈011〉 (Figure 6D) provide the best fit to both the data of Tsujino et al. (2016) and our data.
DISCUSSION
Deformation of Bridgmanite in the Lower Mantle
At room temperature, deformation within the DAC occurs via dislocation glide. Even at the temperature of 1,000 K in this experiment it is likely that deformation is dominated by dislocation glide. However, in the lower mantle anisotropy is likely generated by deformation via dislocation creep. Given that our results and the results of Tsujino et al. (2016) show activation of slip on (100) at high temperatures as opposed to the low temperature slip plane of (001) (Miyagi and Wenk, 2016), we propose slip on (100) could be active during dislocation creep in the mantle. Although the results presented here are most directly applicable to uppermost lower mantle, adjacent to the transition zone, we cautiously apply our results to lowermost mantle anisotropy with the following assumptions: 1) 1,000 K is adequately representative of high temperature slip in bridgmanite up to 4,000 K and 2) increased pressure (up to ∼136 GPa at the D”) does not change the dominant slip systems.
Experimental results and first principles calculations on bridgmanite at high temperature suggest a large variety of slip systems with no strong consensus (e.g., Cordier et al., 2004; Miyajima et al., 2009; Kraych et al., 2016; Tsujino et al., 2016). Disagreements between deformation experiments (all performed at 25 ± 0.5 GPa) are more likely to be the result of different experimental design or differences in temperature (1,700 K, Cordier et al., 2004; 2,023 K, Miyajima et al., 2009 1,873 K, Tsujino et al., 2016). For example, the results of Cordier et al. (2004) may be due to very high deviatoric stress as suggested by Tsujino et al. (2016). Comparatively, Miyajima et al. (2009) observed curly dislocation lines and suggested that diffusion-assisted dislocation creep was therefore active at 2,023 K. The majority of their observed dislocations did not show alignment in a specific crystallographic direction, consistent with simultaneous activity of multiple slip systems (Miyajima et al., 2009). In perovskite CaTiO3 deformed at 1,973 K and 25–120 MPa, where deviatoric stress is low and dislocation creep is likely, clear screw dislocations with slip in the pseudocubic directions [001]pc and [011]pc (where the subscript pc means pseudocubic) on the (01−1)pc plane formed dislocation walls (Besson et al., 1996). In orthorhombic geometry this may correspond to slip on (100) or (010) planes in the [image: image][001] + [010] directions and [image: image][001] + [100] directions, respectively. Slip on the former plane is in agreement with slip on (100)[001] found by Tsujino et al. (2016). The diffraction patterns refined for texture in MAUD by Tsujino et al. (2016) are comparable to and are similar enough with our own results (Figures 5, 6) that they may be representative of slip on (100)[010] + (100)〈011〉 or (100)[010] + (100)[001]. Thus, we suggest that slip on (100) is most likely for dislocation creep under high temperature conditions. This is supported by atomistic calculations which find the CRSS of (100)[010] is significantly lower than (010)[010] in the temperature range between 1,000 and 3,000 K at 30 GPa (Kraych et al., 2016). However, an increase in pressure to 60 GPa results in similar CRSS values for (100)[010] and (010)[100] (Kraych et al., 2016) which indicates pressure may influence slip system activity in bridgmanite.
Bridgmanite compressed at room temperature shows a textural change at pressures >55 GPa (Miyagi and Wenk, 2016). While Miyagi and Wenk (2016) did not model Q(hkl) and thus do not provide specific slip directions, their high pressure (>55 GPa) texture is consistent with dominant slip on (100). It is therefore possible that in addition to high temperature, higher pressures may also favor slip on (100). Similar behavior in ferropericlase is supported by calculations (Amodeo et al., 2012) and experiments (Girard et al., 2012; Immoor et al., 2018) where the {100}〈011〉 slip is favored by both high temperature and pressure over the lower pressure and temperature {110}〈1−10〉 slip system.
First principles calculations on bridgmanite at 0 K indicate dislocation glide is most easily activated on (100)[010] from 0 to 30 GPa (Ferré et al., 2007; Mainprice et al., 2008). Combining first principles calculations with VPSC modeling, Mainprice et al. (2008) find that for simple shear deformation (100)[010] slip is dominant at all pressures between 0 and 100 GPa. While the relative CRSS of other slip systems are reduced with increasing pressure in first principles calculations, no single slip system surpasses (100)[010] over 0–100 GPa when both 0 K and high temperature calculations are considered (Ferré et al., 2007; Mainprice et al., 2008; Kraych et al., 2016). Given this and the above high temperature studies, we consider it plausible that slip on (100) is dominant at temperatures and pressures of the lowermost mantle.
Presence of Ringwoodite
Ringwoodite has been reported elsewhere to be present post-conversion from olivine to bridgmanite and ferropericlase when relatively low conversion temperatures are used (1,500 K; Martinez et al., 1997). As our laser heating method (Miyagi and Wenk, 2016) utilized low laser power and temperatures to prevent grain growth, it is not surprising that ringwoodite is present post-conversion. Further dissociation of ringwoodite during the course of resistive heating (4.5 h) is unlikely as the kinetics of ringwoodite dissociation are slow (Kubo et al., 2002) and ringwoodite may persist even at temperatures as high as 2,000 K (Katsura et al., 2003).
While the ringwoodite transition has recently been confirmed to be consistent with the 660 km discontinuity in the mantle (23.4 GPa; Ishii et al., 2018), both nucleation rates (Kubo et al., 2002) and the negative Clapeyron slope of the post-spinel transition (Ito and Takahashi, 1989; Ito et al., 1990) may depress the transition depth in a cold subducting slab (see Faccenda and Zilio, 2017 for a review). Earthquakes as deep as 730 km in the Tonga-Kermadec region (Niu and Kawakatsu, 1995) were suggested to be a result of a kinetically delayed post-spinel transition by Fukao and Obayashi (2013). For these reasons, the presence of ringwoodite in our aggregate is comparable to cold, down-welling slabs in the uppermost lower mantle where amounts of residual, unconverted ringwoodite may be preserved. As ringwoodite is elastically isotropic at pressures and temperatures of the uppermost mantle (Li et al., 2006), it should not alter shear wave splitting directions, though it may dampen anisotropic effects of bridgmanite and ferropericlase.
For extrapolation to the lowermost mantle, ringwoodite’s mechanical and elastic properties suggest that it can be used as an analog for the third most abundant phase in the lower mantle, Ca-silicate perovskite. Aggregate volumes of ringwoodite (Table 1) are well below the upper bound of experimentally predicted Ca-silicate perovskite in Mid-Ocean Ridge Basalt composition slabs (30% by weight; Ricolleau et al., 2010). Both phases have cubic or near cubic symmetry and have been reported to exhibit high flow strength (Kavner and Duffy, 2001; Miyagi et al., 2009). We therefore investigate the possibility of ringwoodite as a strength analog for Ca-Pv by comparing the shear strength (t) of both materials at 30 GPa and ambient temperature.
Miyagi et al. (2009) and Kavner and Duffy (2001) report t/G of 0.07 and 0.06 for Ca-silicate perovskite and ringwoodite, respectively. The average value of G, the shear modulus, of Ca‐silicate perovskite at 30 GPa and 300 K is 162 GPa ± 15 (Stixrude et al., 2007; Xu et al., 2008; Tsuchiya, 2011; Kudo et al., 2012). However, the most recent experimental studies (including those at high temperatures) indicate that G was previously overestimated for Ca-silicate perovskite and it could be as low as 152 ± 3 GPa at 300 K (Gréaux et al., 2019; Thomson et al., 2019). The shear modulus of Fe-bearing ringwoodite, when linearly extrapolated from Sinogeikin et al. (2003) and Higo et al. (2008), is found to be 157 ± 3 GPa. This corresponds to a shear strength of 11 GPa for ringwoodite and between 10 and 9 GPa (depending on the choice of available extant results) for Ca-silicate perovskite. Based on the uncertainties on both the values of t/G and G, we estimate that the uncertainty on shear strength is at least 1 GPa; in addition, we expect that the strength of cubic Ca-silicate perovskite (the stable polymorph at temperatures of the lower mantle) is larger than the tetragonal modification because it is stiffer and more rigid (Kawai and Tsuchiya, 2015; Gréaux et al., 2019; Thomson et al., 2019). Thus, ringwoodite serves as an approximation for the strength contrast between Ca-silicate perovskite and bridgmanite and ferropericlase for cold, subducting slabs in the lowermost mantle.
In addition to bridgmanite, ferropericlase and ringwoodite, stishovite is also present in our sample. While only a small fraction of the aggregate by volume (Table 1), stishovite is comparatively stiff (Hunt et al., 2019) to ringwoodite (Miyagi et al., 2009) and could thus also behave similarly to Ca-silicate perovskite.
Plastic Strain in Ferropericlase
Through the course of the experiment, ferropericlase develops a weak texture at the limit of our resolution (Supplementary Table S1; Figures 3A–F). This is not surprising if we consider that a lack of texture development in ferropericlase has been previously observed in room-temperature multi-phase experiments on bridgmanite and ferropericlase aggregates (Miyagi and Wenk, 2016). Similarly, a two-phase study in the D-DIA with a hard orthorhombic phase, NaMgF3 (iso-structural with bridgmanite), and a soft cubic phase, NaCl (iso-structural with ferropericlase), found that NaCl did not develop significant texture over a range of phase proportions (Kaercher et al., 2016).
One potential reason for the lack of texture development in ferropericlase in our experiment may be insufficient plastic strain by dislocations in this phase at our experimental conditions. Single-phase experiments on ferropericlase at similar pressure and temperature conditions in a DAC result in clear and consistent deformation textures (>2.2 m.r.d.; Immoor et al., 2018) and previous studies on bridgmanite and ferropericlase suggests that the weaker ferropericlase accommodates large amounts of strain in a two phase aggregate (Girard et al., 2016; Thielmann et al., 2020). Since both bridgmanite and ringwoodite in our experiment show similar texture development to that of a single-phase case (Wenk et al., 2005; Tsujino et al., 2016), we expect that ferropericlase also deforms plastically.
The absence of coherent texture in the soft phase may also be a result of heterogeneous stress and strain caused by multi-phase interactions. If the lack of significant texture development in isostructural NaCl in a previous two-phase MgO-bridgmanite “analogue” deformation study (Kaercher et al., 2016) results from strain heterogeneity as suggested by Kaercher and coauthors, then disruption of texture development due to this phenomenon should be absent or reduced in cases where stress and strain is more homogeneous throughout the aggregate (for example, for more plastically isotropic cubic phases). Deformation of pseudo-cubic CaGeO3 perovskite and MgO in the D-DIA apparatus results in texture development in both phases (Wang et al., 2013). Similarly, two-phase deformation experiments on cubic MgO and a soft NaCl phase in a DAC over a range of phase proportions shows texturing in both phases, however a few phase proportions do show anomalous textures in NaCl (Lin et al., 2019). Thus, it appears that texturing in a two-phase aggregate likely depends on phase volume proportions, strength contrast, and on the symmetry and plastic anisotropy of the phases involved.
One way to investigate if a phase is deforming plastically is by analysis of lattice strains (e.g., Chen et al., 2006). Several studies have documented that the onset of plastic deformation by dislocations results in lattice strains that deviate from those predicted from elastic anisotropy and exceed Voigt-Reuss elastic bounds (e.g., Li et al., 2004; Chen et al., 2006; Merkel et al., 2006; Weidner and Li, 2006; Burnley and Zhang, 2008). To confirm the variance in Q(hkl) across diffraction planes is not the result of elastic anisotropy, we derive the weight parameter, α, by plotting 3Q(hkl) for peaks 222, 220, 200, and 311 (Supplementary Table S1) against [2GR(hkl)]−1 as described in detail in Chen et al. (2006). Due to the dependence of [2GR(hkl)]−1 on our choice of single crystal elastic constants, we derive α using three different literature sources for C11, C12, and C44 of ferropericlase (Karki et al., 1999; Wu et al., 2009; Fan et al., 2019) calculated at the pressures and temperature of our experiment (Table 1).
Values of α fall outside the elastic bounds when the elastic constants of Fan et al. (2019), Karki et al. (1999), and Wu et al. (2009) are used (Figure 7). The fact that ferropericlase lattice strains systematically exceed the elastic bounds strongly supports that ferropericlase is deforming plastically via dislocations even though we do not observe texture development. This evidence for deformation via dislocations without texture development in ferropericlase suggests complicated interactions between ferropericlase and the other phases, and it is likely that ferropericlase grains deform heterogeneously in response to this interaction.
[image: Figure 7]FIGURE 7 | Results of fits for the Voigt-Reuss weight parameter, α, for ferropericlase as determined for three different sets of single crystal elastic constants (Karki et al., 1999; Wu et al., 2009; Fan et al., 2019). Voigt and Reuss bounds (0 ≤ α ≤ 1) are shown as a solid black and a solid red line, respectively, with the elastic regime indicated by gray hatching. Bars represent the range of uncertainty in α based on the standard deviations in Q(hkl) from the Rietveld fit. Values of alpha for the post-conversion pattern 001 (30 GPa, 300 K) are encircled by a black, dashed elliptic contour and shown for comparison with successive resistive heating data.
End-Member Effects of Strain Partitioning on Seismic Anisotropy
VPSC modeled textures for simple shear were combined with published single-crystal elastic constants (Supplementary Table S3) to estimate individual contributions to seismic anisotropy from bridgmanite and ferropericlase. The averaging was performed using a geometric mean in the Beartex software (Wenk et al., 1998). Evidence for plastic deformation despite experimental absence of strong and coherent texture development in ferropericlase indicates that the magnitude of resultant seismic anisotropy is heavily dependent on the degree of deformation heterogeneity in each constituent phase in addition to the total amount of deformation accommodated by dislocations within the aggregate. To capture possible effects of strain heterogeneity, we calculate both individual contributions of pure bridgmanite (Figures 8, 9) and pure ferropericlase (Figure 10), and also effects of texture variation caused by textured bridgmanite and non-textured ferropericlase as in our experiment (Figure 11), and a hypothetical inverse case with non-textured bridgmanite and textured ferropericlase (Figure 12). Since diffusion likely plays a significant role in accommodating deformation in the lower mantle, we assume that deformation by dislocations only accounts for a small amount of the total strain in the lower mantle. Here we present models for 50 and 100% strain by dislocations, which provide a qualitative match to the magnitude of anisotropies observed in the lower mantle.
[image: Figure 8]FIGURE 8 | Stereo-plots (produced by Beartex software) of shear wave splitting (δVS in percent), P-wave velocity (VP in km/s), the fast shear wave (VS1 in km/s), and the slow shear wave (VS2 in km/s) for a bridgmanite aggregate at 100% strain. Visco-plastic self-consistent textures used to create the stereo-plots are from our results for the slip system pair (100)[010] + (100)[001] when extrapolated to pressure and temperature conditions of 36 GPa and 2,000 K, 126 GPa and 2,800 K, 136 GPa and 4,000 K, and 138 GPa and 3,500 K. Elastic constants used to create velocity surfaces are summarized in Supplementary Table S3. Sense of shear is top left, shown by the arrows. Eigenvectors of the fast S-wave polarization are shown as black dashes. Note that each hemispheric projection shows a different range of δVS.
[image: Figure 9]FIGURE 9 | Stereo-plots (produced by Beartex software) of shear wave splitting (δVS in percent), P-wave velocity (VP in km/s), the fast shear wave (VS1 in km/s), and the slow shear wave (VS2 in km/s) for a bridgmanite aggregate at 100% strain. VPSC textures used to create the stereo-plots are from our results for the slip system pair (100)[010] + (100)〈011〉 when extrapolated to pressure and temperature conditions of 36 GPa and 2,000 K, 126 GPa and 2,800 K, 136 GPa and 4,000 K, and 138 GPa and 3,500 K. Elastic constants used to create velocity surfaces are summarized in Supplementary Table S3. Sense of shear is top left, shown by the arrows. Eigenvectors of the fast, polarized S-wave are shown as black dashes. Note that each hemispheric projection shows a different range of δVS.
[image: Figure 10]FIGURE 10 | Stereo-plots (produced by Beartex software) of shear wave splitting (δVS in percent), P-wave velocity (VP in km/s), the fast shear wave (VS1 in km/s), and the slow shear wave (VS2 in km/s) for a ferropericlase aggregate at 100% strain. VPSC textures used to create the stereo-plots are from extrapolating the results of Immoor et al. (2018) to pressure and temperature conditions of 36 GPa and 2,000 K, 126 GPa and 3,000 K, and 136 GPa and 4,000 K. Elastic constants used to create velocity surfaces are summarized in Supplementary Table S3. Sense of shear is top left, shown by the arrows. Eigenvectors of the fast S-wave polarization are shown as black dashes. Note that each hemispheric projection shows a different range of δVS.
[image: Figure 11]FIGURE 11 | Percent shear wave splitting (δVS) for the case of 50% strain. The top row (Brg) shows random ferropericlase orientations and texture development in bridgmanite. The bottom row (Fp) shows random bridgmanite orientations and texture development in ferropericlase. Both rows assume a lower mantle composition of ∼80% bridgmanite and ∼20% ferropericlase. Sense of shear is top left, shown by the arrows. Eigenvectors of the fast S-wave polarization are shown as black dashes. Note that each hemispheric projection shows a different range of δVS.
[image: Figure 12]FIGURE 12 | Percent shear wave splitting (δVS) for the case of 100% strain. The top row (Brg) shows random ferropericlase orientations and texture development in bridgmanite. The bottom row (Fp) shows random bridgmanite orientations and texture development in ferropericlase. Both rows assume a lower mantle composition of ∼80% bridgmanite and ∼20% ferropericlase. Sense of shear is top left, shown by the arrows. Eigenvectors of the fast S-wave polarization are shown as black dashes. Note that each hemispheric projection shows a different range of δVS.
For bridgmanite, we use VPSC textures both for slip on (100)[010] + (100)[001] (Figure 8) and (100)[010] + (100)〈011〉 (Figure 9) and the elastic tensors by Wentzcovitch et al. (2004) and Wookey et al. (2005). At these pressure and temperature conditions, there are no nominal differences in seismic anisotropy between the two models. The overall pattern of the seismic velocity plots for the two models are nearly identical and the slip system pair (100)[010] + (100)〈011〉 shows only slightly higher values for shear wave splitting (δVS = 100((VS1 − VS2)/VS)), p-wave velocity, and s-wave velocity. Values for seismic anisotropy are more strongly affected by the choice of elastic constants, and we provide an alternate calculation for bridgmanite bulk anisotropy using the single crystal elastic constants of Zhang et al. (2013) at 138 GPa, 3,500 K for comparison with 136 GPa, 4,000 K calculations (Supplementary Table S3; Figures 8, 9).
As ferropericlase in our experiment did not form strong texture, we instead model ferropericlase textures and calculate anisotropy at ∼ 36 GPa in VPSC using CRSS values from the results of Immoor et al. (2018) (Figure 10). To represent lowermost mantle conditions, pressure and temperature effects on slip system activity in Immoor et al. (2018) were used as a guideline for the activities at 126 and 136 GPa. As their results indicate {100}〈011〉 is more active than {110}〈1−10〉 at high pressures and temperatures (Immoor et al., 2018), we assume the majority of slip occurs along {100}〈011〉 in the lowermost mantle. To represent the pressure and temperature effects on slip systems between 126 and 136 GPa, we use a higher activity of {100}〈011〉 vs. {110}〈1−10〉 at 136 GPa (90:10) compared to 126 GPa (80:20). For all the models we used the elastic tensor determined by Wu et al. (2009). Note that for single crystal elastic constants at 126 GPa, variations in published temperature conditions resulted in the use of slightly different temperatures to calculate material properties of bridgmanite (2,800 K) and ferropericlase (3,000 K; Supplementary Table S3).
We show end-members of possible texture partitioning among these phases by calculating two cases of seismic anisotropy for an aggregate composed of 80% bridgmanite and 20% ferropericlase: 1) assuming texture development in bridgmanite and no texture development in ferropericlase such as in our experimental results (top row indicated by “Brg” in Figures 11, 12), and 2) the opposite bound, assuming no texture development in bridgmanite and texture development in ferropericlase (bottom row indicated by “Fp” in Figures 11, 12). We use the slip system pair (100)[010] + (100)〈011〉 (Figure 9) to calculate the end-member seismic anisotropy for textured bridgmanite and random ferropericlase as this model shows equal or slightly higher shear wave splitting than (100)[010] + (100)[001] (Figure 8). As a large proportion of strain in the lower mantle is likely accommodated by diffusion, we show results for 50% (Figure 11) and 100% (Figure 12) simple shear strain by dislocations. This represents the effects of strain on the relative magnitude of seismic anisotropy.
At 36 GPa, ferropericlase is seismically isotropic and bridgmanite shows maximum shear wave splitting (δVS) for a ray path along the shear plane and perpendicular to the path of flow, i.e., through the stereo-plot center. For 50% strain in a hypothetical mantle rock with textured bridgmanite and random ferropericlase, rays traveling parallel or sub-parallel to the plane of shear (i.e., left to right or horizontally across the stereoplot) would show a range of splitting of ∼0.0 to ∼0.2% δVS with the fast polarization (VS1) in the shear plane, i.e., particle motion is in and out of the page, (Figure 11). At higher strains (100%), the same aggregate results in δVS of ∼0.0 to ∼0.8% (Figure 12). At 126 GPa and 2,800 K/3,000 K, the δVS of a textured bridgmanite and random ferropericlase aggregate increases to ∼0.1–0.7% δVS (50% strain; Figure 11) and ∼0.9–1.8% δVS (100% strain; Figure 12) for ray paths in the direction of flow. Similar to 36 GPa, maximum shear wave splitting is into the page. For rays left to right through the stereoplot, VS1 is polarized in the shear plane. For rays crossing top-bottom through the stereoplot (i.e., normal to the shear plane), the VS1 polarization is at a high angle to the plane of the page. At pressures and temperatures of 136 GPa and 4,000 K, shear wave splitting caused by texturing in bridgmanite is nearly zero for 50% strain (Figure 11) and ranges between ∼0.2 and ∼0.5% for 100% strain (Figure 12) for ray paths in the horizontal plane. Averaging using the alternate single crystal elastic constants at 138 GPa and 3,500 K (Zhang et al., 2013), δVS values range instead from ∼0.1–0.7% for 50% strain and ∼1.0–1.9% for 100% strain.
In the hypothetical case where ferropericlase textures, but bridgmanite remains random, shear wave splitting is heavily dependent on ray path for both 126 and 136 GPa. A ray path passing horizontally through the stereo-plot still results in VS1 polarized in the horizontal direction, but a ray passing vertically results in VS1 ≈ VS2. Other ray paths result in complex and varied splitting. The maximum shear wave splitting caused by texturing in ferropericlase is ∼0.9% assuming shear strain of 100% (Figure 12). At shear strains of 50%, the maximum shear wave splitting is only ∼0.3% (Figure 11).
Implications for Seismic Anisotropy in the Lower Mantle
As ferropericlase is nearly isotropic in the uppermost lower mantle, bridgmanite is the strongest candidate for explaining widespread seismic anisotropy observed around subducting slabs (Long and Silver, 2009; Mohiuddin et al., 2015; Nowacki et al., 2015; Ferreira et al., 2019). Based on our experiments and modeling, slip in bridgmanite creates VSH fast parallel to flow (i.e., trench perpendicular). Our inferences from these experiments therefore support the conclusion given in Tsujino et al. (2016) that was based on the analysis of a mono-mineralic bridgmanite sample.
In the lowermost mantle, pPv is often proposed as the dominant contributor to anisotropy (e.g., Miyagi et al., 2010; Wu et al., 2017). However, seismic anisotropy has been observed more than 1,000 km above the CMB (de Wit and Trampert, 2015), where pPv is not stable. In addition, the positive Clapeyron slope of the bridgmanite to pPv phase transition and its dependency on Fe and Al (see both Grocholski et al., 2012; Hirose et al., 2017 for a review) calls into question the global presence of pPv above the entirety of the CMB. To explain seismic anisotropy in this region, a different phase, or phases, may be needed.
Near the D”, relative contributions of bridgmanite and ferropericlase will depend on the partitioning of strain and texture between the phases as well as strain variations and microstructure throughout the rock. Changes in microstructure affect strain partitioning between phases (Handy, 1994) and thus texture formation in a multiphase aggregate. Simple shear simulations of textured bridgmanite and random ferropericlase combined with elastic constants representing cold slab conditions (126 GPa, 2,800 K; region A in Figure 13) produce anisotropy similar to observations at the CMB. In the Caribbean (Kendall and Silver, 1996; Rokosky et al., 2006), Alaska (Matzel et al., 1996; Fouch et al., 2001), Antarctic Ocean (Usui et al., 2008), Indian Ocean (Ritsema, 2000), and Siberia (Thomas and Kendall, 2002), most measurements show VSH fast with δVS between 0 and 3%.
[image: Figure 13]FIGURE 13 | Schematic diagram of shear wave splitting associated with a subducting slab in the D” region. The slab is shown subducting along the core-mantle boundary (CMB). Large arrows show mantle flow around the edge of a large low-shear-velocity province (LLSVP). The schematic shows three possible locations of seismic anisotropy indicated by circled, capital letters: (A) deformation within the slab; (B) mantle flow at an angle to the CMB; (C) regions of upwelling. Uncircled letters refer to these regions and are adjacent to plots of percent shear wave splitting (δVS) made for a hypothetical mantle “rock” composed of 80% bridgmanite and 20% ferropericlase at 100% strain. Plots labeled Brg show a case where bridgmanite textures and ferropericlase is randomly oriented. Plots labeled Fp show a case where ferropericlase textures and bridgmanite is randomly oriented. Arrows adjacent to plots indicate the sense of shear. In order to represent possible P/T variation in a subducting slab, region (A) includes CMB conditions (A1, 136 GPa and 4000 K) and a possible pressure/temperature condition at the top of the D” (A2, 126 GPa and 2,800 K/3,000 K). A pressure and temperature condition of 126 GPa and 2,800 K/3,000 K was used for shear-wave splitting plots (B) and (C). The black lines in the stereo plots are the orientation of displacement for the fast shear velocity (VS1, see text).
At the CMB (136 GPa, 4,000 K), strains caused by dislocation accommodated deformation in bridgmanite would need to exceed 100% in order to explain shear wave splitting greater than 0.6% δVS. Seismic anisotropy in excess of this value may be due in part to deformation in ferropericlase since both bridgmanite and ferropericlase give VSH > VSV for ray paths parallel to flow (region A in Figure 13). Another consideration is that the calculated seismic anisotropy is underestimated due to our choice of single crystal elastic constants. At similar pressure and temperature conditions (∼138 GPa, 3,500K), the adiabatic single crystal elastic constants of Zhang et al. (2013) yield a maximum shear wave splitting of 3.2% in our aggregate with textured bridgmanite and random ferropericlase strained to 100% (Figure 12).
If shear flow is at an angle to the CMB, bridgmanite shows strong VSH > VSV for ray paths parallel to the CMB, while ferropericlase varies from VSV to VSH fast (region B in Figure 13). If ferropericlase textures, it may strengthen or dampen shear wave splitting depending on ray path. This may explain seismically complicated regions such as the eastern edge of the African large low shear velocity province (Cottaar and Romanowicz, 2013; Lynner and Long, 2014; Reiss et al., 2019) and the edges of the Caribbean (Nowacki et al., 2010). When shear flow is perpendicular to the CMB (region C in Figure 13) and ray paths are perpendicular to the flow direction and parallel to the CMB (region C in Figure 13), ferropericlase is relatively isotropic, and bridgmanite is the dominant contributor to shear wave splitting. Shear wave splitting varies from a horizontally to vertically polarized fast VS, but ray paths with the largest shear wave splitting have fast VS polarized vertically with respect to the CMB. This is consistent with VSV > VSH in the Central Pacific (Pulliam and Sen, 1998) where observations of seismic anisotropy are associated with upwelling (Ritsema et al., 1998; Kawai and Geller, 2010).
While higher degrees of strain accommodated by dislocations (100%) in a mantle rock composed of 80% bridgmanite and 20% ferropericlase are consistent with many observations in the D”, there are regions of VSH > VSV in the Central Pacific where δVS exceeds 3% (Fouch et al., 2001) and one study cites a δVS of 10% (Vinnik et al., 1998). Explaining such high shear wave splitting would require larger strains or almost certainly a phase with greater anisotropy, such as pPv.
CONCLUSIONS
Slip on paired systems (100)[010] + (100)〈011〉 and (100)[010] + (100)[001] in bridgmanite best match experimental data compared to other paired systems and models of a single, dominant slip system. Both of these paired slip systems show approximately half shared activity between pairs. We propose that at shallow lower mantle conditions, about half of dislocation glide activity in bridgmanite occurs along (100)[010] with the rest of the activity concentrated along either (100)[001], (100)〈011〉, or both. Since ringwoodite texture is weak and ferropericlase remains random, bridgmanite controls anisotropy in our multiphase aggregate.
Though ferropericlase remains random, its lattice strains fall outside of the elastic bounds during the experiment and are therefore not consistent with single-crystal elastic anisotropy of this phase. We conclude that plastic deformation by dislocations occurs even though no significant texture develops. This is likely due to heterogeneous strain caused by microstructural variations in the sample, indicating that microstructure in the very deep mantle plays an important role in controlling which phase is the main contributor to seismic anisotropy.
Shear wave splitting behavior of bridgmanite is consistent with observations of anisotropy around subducting slabs in the circumpacific regions. As ferropericlase is seismically isotropic at conditions of the uppermost lower mantle, ferropericlase will not alter the sign and maximum splitting direction of shear waves, though it may decrease the magnitude of observed shear wave splitting.
In most regions above the CMB, shear wave splitting caused by a “rock” composed of bridgmanite and ferropericlase will show VSH > VSV for ray paths parallel to the CMB, but in regions of upwelling, ray paths with the strongest shear wave splitting will show VSV > VSH. This is generally consistent with seismic observations in the lowermost mantle. Maximum shear wave splitting will occur perpendicular to the flow direction and in the shear plane. Regions of laterally varying anisotropy may be due to complicated interactions of shear wave splitting between bridgmanite and ferropericlase, variation in microstructure, or the presence of pPv. While pPv remains the best fit for regions of very high δVS, texture development in bridgmanite and ferropericlase can explain most cases of lower mantle anisotropy above the CMB.
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