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Abstract

:

Seismic anisotropy is observed above the core-mantle boundary in regions of slab subduction and near the margins of Large Low Shear Velocity Provinces (LLSVPs). Ferropericlase is believed to be the second most abundant phase in the lower mantle. As it is rheologically weak, it may be a dominant source for anisotropy in the lowermost mantle. Understanding deformation mechanisms in ferropericlase over a range of pressure and temperature conditions is crucial to interpret seismic anisotropy. The effect of temperature on deformation mechanisms of ferropericlase has been established, but the effects of pressure are still controversial. With the aim to clarify and quantify the effect of pressure on deformation mechanisms, we perform room temperature compression experiments on polycrystalline periclase to 50 GPa. Lattice strains and texture development are modeled using the Elasto-ViscoPlastic Self Consistent method (EVPSC). Based on modeling results, we find that    {  110  }   〈 1  1 ¯  0 〉    slip is increasingly activated with higher pressure and is fully activated at ~50 GPa. Pressure and temperature have a competing effect on activities of dominant slip systems. An increasing    {  100  }   〈 011 〉   :   {  110  }   〈 1  1 ¯  0 〉    ratio of slip activity is expected as material moves from cold subduction regions towards hot upwelling region adjacent to LLSVPs. This could explain observed seismic anisotropy in the circum-Pacific region that appears to weaken near margins of LLVSPs.
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1. Introduction


Shear wave splitting is widely used to document seismic anisotropy in the lower mantle. In the bulk of the lower mantle, there is no compelling evidence for the existence of widespread anisotropy (e.g., [1,2,3,4]). However, anisotropy is widely observed above the core-mantle boundary (CMB) near regions of slab subduction and adjacent to the borders of Large Low Shear Velocity Provinces (LLVSPs). Generally, shear wave splitting of VSH > VSV is observed for ray paths that are approximately parallel to the CMB in the circum-Pacific regions (e.g., [3,5,6]). Decreased anisotropy is typically observed towards LLVSP boundaries and becomes vanishing small within the LLVSPs (e.g., [7,8,9]). It is generally assumed that observed anisotropy is the result of plastic deformation of mantle rocks by dislocation creep (e.g., [9,10,11,12]). Several experiments have been conducted to study deformation mechanism of bridgmanite (e.g., [13,14]), the most abundant phase of the lower mantle, and post-perovskite (e.g., [10,11]), which is believed to be the most abundant phase in colder regions of the D” layer just above the CMB. Studies using 2D and 3D flow field methods [15,16,17,18] generally conclude that post-perovskite is consistent with observed anisotropy in the D″. Ferropericlase, which is the second most abundant phase of the lower mantle, is also likely to be important. Due to its rheological weakness, comparatively large amounts of strain may be accommodated by ferropericlase [19]. This combined with high single crystal elastic anisotropy [20,21] implies that ferropericlase is an important contributor to D″ anisotropy. Thus, understanding the deformation mechanisms of the ferropericlase at D″ conditions is of great importance for understanding sources of anisotropy in the lower mantle. Deformation mechanisms of periclase have been shown to vary at different pressure and temperature conditions (e.g., [22]). Generating D″ pressure and temperature conditions in deformation experiments is challenging and is not currently achievable. However, it is feasible to reach high pressure at low temperature or high temperature at low pressure, which gives the opportunity to separately study temperature and pressure effects on deformation mechanisms. Temperature effects on periclase deformation mechanisms have been well documented. Early experiments at low pressure inferred a dominant    {  110  }   〈 1  1 ¯  0 〉    slip system at ambient conditions and an increase in activity of the    {  100  }   〈 011 〉    slip system with elevated temperature (e.g., [23,24,25,26,27,28,29]). However, pressure effects on deformation mechanisms are still controversial. Recent calculations on critical resolved shear stress (CRSS) of single crystal MgO predicted a transition to dominant    {  100  }   〈 011 〉    slip between 30 GPa and 60 GPa [30]. In contrast, earlier theoretical work showed dominant    {  110  }   〈 1  1 ¯  0 〉    slip up to 100 GPa [31]. High pressure single crystal deformation experiments showed trends in slip system strengths consistent with a change in dominant slip system from    {  110  }   〈 1  1 ¯  0 〉    to    {  100  }   〈 011 〉    at 23 GPa and 1000 K [32].



The plasticity behavior of polycrystals can be quite different compared to single crystals due to intergranular stress and strain heterogeneity, crystallographic preferred orientation (texture), microstructure, and grain interaction. Typically, the deformation of single crystals is fulfilled by a single slip system while in polycrystals multiple slip systems tend to be active. In polycrystals, back stress induced due to grain boundary interactions may hinder dislocations and force multiple slip systems to be activated, causing tangling of dislocations and hardening. The activity of slip systems may also be hampered by an unfavorable Schmid factor, which describes how stress is resolved on a slip plane and direction. Constraints on compatibility may also force activation of geometrically necessary slip systems. Thus, it can be difficult to directly apply single crystal CRSS to deduce polycrystals’ deformation behavior. Room temperature deformation experiments of polycrystalline ferropericlase and periclase have documented texture consistent with dominant    {  110  }   〈 1  1 ¯  0 〉    slip [25,33,34,35]. Recent work on ferropericlase found a surprising increase in differential stresses at mid mantle pressures. It was suggested that this increase in flow stress may be due to a change in deformation mechanisms with increasing pressure [36]. This study did not document a significant change in texture evolution, and as such, the deformation mechanism responsible for the increase in flow stress was not identified. Furthermore, it is not clear from this study if the inferred change in deformation mechanism is related to Fe content or if it also occurs in Fe free samples. Resistive heated Diamond Anvil Cell (DAC) experiments on the same composition of ferropericlase as [36] shows evidence of comparable activation of both    {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    slip systems at ~1400 K in a range of 30–60 GPa [37]. [37] suggested that {100} is favored by both high temperature and pressure. However as    {  100  }   〈 011 〉    is strongly favored by high temperature [25], the increased activity of {100} may be primarily due to temperature.



In order to quantify the effect of pressure on deformation mechanisms and to understand the role of Fe changes in deformation mechanisms, we performed two DAC compression experiments on polycrystalline periclase up to 50 GPa at room temperature. Lattice strains and texture evolution at varying pressures are recorded using radial diffraction geometry and modeled as a function of slip system activities using the Elasto-ViscoPlastic Self Consistent method (EVPSC).




2. Experiment and Methods


2.1. Experiment Details


Starting material of ground MgO powder (Alfa Aesar, 99.95% purity, stock# 14684, lot# J03Q037) was loaded in a boron-kapton gasket [38] with a 350 µm diameter boron insert and a 50 µm diameter sample chamber. A panoramic type diamond anvil cell with 300-micron culet diamond anvils was used to compress the sample to high pressure. Synchrotron X-ray diffraction in radial geometry was performed at beamline 12.2.2 of the Advanced Light Source (ALS) (Lawrence Berkeley National Lab, Berkeley, CA, USA) using an X-ray wavelength of 0.49594 Å. The sample detector distance and detector non-orthogonality were calibrated using a CeO2 standard. Diffraction images were recorded using a MAR345 detector and an exposure time of 240 s.




2.2. Experiment Data Analysis


The stress state in DAC experiments can be decomposed into hydrostatic and non-hydrostatic components as:


  σ =  [       σ 1     0   0     0     σ 1     0     0   0     σ 3       ]  =  [       σ p     0   0     0     σ p     0     0   0     σ p       ]  +  [      −  t 3     0   0     0    −  t 3     0     0   0      2 t  3       ]   



(1)




where    σ p  =   2  σ 1  +  σ 3   3    is the hydrostatic stress, and differential stress   t =  σ 3  −  σ 1    can be used to infer the flow stress of the sample, assuming plastic flow occurs in DAC. Due to the deviatoric stress imposed on the sample, the measured d-spacing (distance between lattice planes) is a function of the angle between the compression axis (   σ 3   ) and diffraction plane normal  χ , as described in Singh, 1993 [39]:


   d m   (  h k l  )  =  d p   (  h k l  )   [  1 +  (  1 − 3 c o  s 2  χ  )  Q  (  h k l  )   ]   



(2)




where    d p    is the d-spacing under hydrostatic stress.   Q  (  h k l  )    describes the shift in measured d-spacing    d m   (  h k l  )    from hydrostatic    d p   (  h k l  )    and can be used to represent average lattice strain for plane    (  h k l  )    (Figure 1). Pressure is calculated using a 3rd Birch–Murnaghan equation of state for MgO from Zha et al. (2000) [40]. The differential stress  t  can be estimated from the lattice strains using following relationship:


  t  (  h k l  )  = 6 G Q  (  h k l  )   



(3)




where  G  is the shear modulus of the aggregates. Systematic intensity variation along the diffraction rings indicates texture (Figure 1). Diffraction images are analyzed for lattice strain and texture using the Rietveld method implemented in the Materials Analysis Using Diffraction (MAUD) software [41]. Refinement closely follows the method for DAC data as outlined in [42].




2.3. Plasticity Simulations


Lattice strains and texture are modeled using the EVPSC method [43]. EVPSC is an effective medium self-consistent method, which considers individual grains as inclusions in a homogenous but anisotropic medium. The inclusions interact with the medium and the macroscopic properties are updated when the average strain and stress of all inclusion equals the macroscopic stress and strain at each deformation step. The plastic behavior of the inclusions is described by a rate-sensitive constitutive law on various slip systems:


    ε ˙   i j   =   γ ˙  0    ∑  s   m  i j  s     {     |   m  k l  s   σ  k l    |     τ s     }   n  s g n  (   m  k l  s   σ  k l    )   



(4)




where     γ ˙  0    is the reference shear strain rate,    τ s    is the rate sensitive critical resolved shear stress (CRSS) of a slip system s at the reference strain rate,     m  k l  s    is the symmetric Schmid factor for the slip system s, n is an empirical stress exponent,    σ  k l     is the local stress tensor. When the stress resolved onto a given slip system is close to the threshold value    τ s   , deformation will occur on the slip system. Since EVPSC does not explicitly account for complex grain to grain interactions and back-stress induced by misorientation of neighboring grains. These processes are accounted for in a “polycrystal CRSS” or effective CRSS. This effective CRSS is not equivalent to single crystal CRSS. The details of EVPSC simulation for high pressure deformation experiments can be found in [33].





3. Results and Discussion


The samples in both experiment runs are compressed up to ~50 GPa. At pressure below 20 GPa, the lattice strains of {200}, {220}, and {111} plane are in an order of Q(220) > Q(111) > Q(200). Above 20 GPa, Q(111), and Q(220) gradually increase. The slope of Q(111) is larger than Q(220) thus Q(111) surpasses Q(220) at ~25 GPa to 30 GPa, and the separation between Q(111) and Q(220) becomes larger with increasing pressure (Figure 2). Based on the previous results of EVPSC modeling for periclase [33], when the    {  110  }   〈 1  1 ¯  0 〉    slip system is fully activated, the lattice strains are in an order of Q(111) > Q(220) > Q(200). In contrast, an inverted order of Q(200) > Q(220) > Q(111) occurs when    {  100  }   〈 011 〉    is fully activated. Activation of    {  100  }   〈 011 〉    slip decreases Q(111) and increases Q(200). Experimental lattice strains at high pressure above 30 GPa resemble the case where    {  110  }   〈 1  1 ¯  0 〉    is fully activated. Below 20 GPa, the lattice strains resemble Q-factor ordering consistent with mixed    {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    slip. Based on the previous modeling, a concentrated (100) compression texture indicates a high activity of    {  110  }   〈 1  1 ¯  0 〉    slip, while a (110) texture indicates    {  100  }   〈 011 〉    slip [33]. In this study, periclase develops a concentrated (100) texture (Figure 3), due to high activity of the    {  110  }   〈 1  1 ¯  0 〉    slip system. Given these experimental results, we suggest a deformation scenario in which    {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    slip systems are both activated at relatively low pressure below 20 GPa and    {  110  }   〈 1  1 ¯  0 〉    become more active with increasing pressure.



In order to clarify and quantify this suggestion, we model the lattice strain and texture development in Run 1 using EVPSC method. The related modeling parameters are listed in Table 1. A stress exponent of 8 is chosen for dislocation glide in a relatively rate-insensitive material. Theoretical calculations show that    {  111  }   〈 1  1 ¯  0 〉    slip system is unlikely to activate at room temperature (e.g., [44]). Furthermore, activation of the    {  111  }   〈 1  1 ¯  0 〉    system will give an intense (110) texture and Q-factors all with similar magnitudes [33]. Consequently, a very high CRSS is given to    {  111  }   〈 1  1 ¯  0 〉    in order to fully suppress this system. Below 20 GPa, the CRSS of    {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    are set in order to match experimental lattice strains. In the experiments, we do not observe a decrease of all lattice strains. Thus, the increased activity of    {  110  }   〈 1  1 ¯  0 〉    slip system is unlikely due to softening of    {  110  }   〈 1  1 ¯  0 〉    but “pressure hardening” of    {  100  }   〈 011 〉    slip system. Single crystal CRSSs are not directly transferable to polycrystal behavior, since both “soft” and “hard” systems are activated as this is geometrically necessary to accommodate deformation of neighboring grains. However, the single crystal calculations [44] find that the CRSS of    {  100  }   〈 011 〉    starts to increase around 20 GPa to 30 GPa. The calculated single crystal CRSS of    {  100  }   〈 011 〉    is close to the polycrystal magnitude (GPa) found here while single crystal CRSS for    {  110  }   〈 1  1 ¯  0 〉    is much smaller. Thus, the pressure induced change in the single crystal CRSS of the harder    {  100  }   〈 011 〉    system may represent the general trend in the polycrystal. That is to say that because harder slip systems are geometrically necessary for polycrystal deformation, harder single crystal slip systems maybe more similar to polycrystal CRSS and more representative of the bulk strength of the polycrystal. In EVPSC, above 20 GPa, the activity of    {  100  }   〈 011 〉    is suppressed gradually by imposing a steep increase of CRSS with pressure (Table 1). The modeled lattice strains and texture provide a close match to the experiment (Figure 4 and Figure 5). Below 20 GPa,    {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    are activated in a ratio of ~70:30. Above 20 GPa, due to the “pressure hardening” of the    {  100  }   〈 011 〉    slip system, the activity of    {  110  }   〈 1  1 ¯  0 〉    gradually increases and reaches nearly 100% by ~50 GPa (Figure 6). Q(111) surpasses Q(220) at ~25 GPa, where    {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    are activated in a ratio of 80:20 (Figure 4; Figure 6). In the simulation, periclase develops a concentrated (100) texture (Figure 5) consistent with the experiment (Figure 3).



The reordering of lattice strains observed in this study is similar to that observed by Marquardt and Miyagi (2015) [36], indicating that this phenomenon is not related to Fe substitution as it is observed both in periclase and ferropericlase. We find that the polycrystal flow strength increases ~25% due to pressure hardening of the    {  100  }   〈 011 〉    slip system (Figure 7). The flow strength measured here is lower compared to previous DAC experiments on periclase [34,45]. This is potentially due to grain-size differences between these experiments [45]. A yield strength increase above 20 GPa is not obvious in [34] since there are only limited data points above 20 GPa. In the work of Singh et al. (2004) [45], there is a jump in measured differential stresses around 20 GPa which may be related to Q(111) crossing Q(220), but individual Q factors were not reported. However, the magnitude of the increase in strength is similar to that observed in this study. Based on these results,    {  110  }   〈 1  1 ¯  0 〉    slip is increasingly activated with higher pressure. Since previous work has established that    {  100  }   〈 011 〉    is more active at higher temperature, temperature and pressure seem to have a competing effect on slip system activities.



It is possible that    {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    slip systems may have comparable activity at D″ conditions. Thus, slip system activity of ferropericlase in a slab that impinges on the CMB boundary could vary as a function of position. If this is the case,    {  100  }   〈 011 〉    activity could increase as material moves from cold subduction areas to hot areas adjacent to LLVSPs. Shear wave splitting then should also vary along the slab due to different texture patterns in ferropericlase. In order to provide an observable that can be compared with seismic data, we simulate anisotropy associated with this slip system transition. Texture development is modeled for 100% simple shear strain with different slip system activities using the Viscoplastic Self Consistent method (VPSC), and shear wave splitting (Figure 8) is calculated using MgO single elastic constant at ~125 GPa and 3000 K from Karki et al. (1999) [46]. When the    {  110  }   〈 1  1 ¯  0 〉    slip system is dominant, VSH > VSV splitting should be observed for waves that travel parallel to the CMB (Figure 8), similar to observations in the circum-Pacific. With increasing activity of the    {  100  }   〈 011 〉    slip system as temperature increases towards upwelling regions adjacent to LLVSPs, shear wave anisotropy gradually weakens (Figure 8). This is consistent with seismic observations of a weakened anisotropy adjacent to the LLVSP boundary [7,9]. When    {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    have a similar activity, shear wave anisotropy is weakest, which might be the case at LLVSP boundaries. These simulations of anisotropy associated with a slip system transition in ferropericlase are compatible with seismic observations and provide constraints on the potential contributions of ferropericlase to anisotropy in the deep Earth. The yield strength of ferropericlase is also dependent on slip system activities. In addition to the weakening effects of higher temperature, more activation    {  100  }   〈 011 〉    slip systems could further decrease the yield strength due to an increase in the degrees of freedom for deformation to occur in the crystal (Figure 7). This may result in a strong yield strength contrast between cold and hot regions. Thus, ferropericlase potentially accommodates more strain adjacent to LLVSPs and contributes more to anisotropy or lack thereof in these regions.




4. Conclusions


In this work, we study the effects of pressure on deformation mechanisms in polycrystalline periclase. We compress samples from ambient conditions up to 50 GPa and record lattice strain and texture evolution. We find an unexpected lattice strain reordering due to a large increase of Q(111) starting at ~20 GPa. Similar behavior was previously observed in ferropericlase. We model experimental lattice strains and texture development using the EVPSC method. We find that the    {  110  }   〈 1  1 ¯  0 〉    slip system is increasingly activated above ~20 GPa and is fully activated at ~50 GPa due to “pressure hardening” of the    {  100  }   〈 011 〉    slip system. This can explain both texture development and lattice strain reordering.    {  110  }   〈 1  1 ¯  0 〉    slip becomes more favored with higher pressures. Thus, pressure and temperature have a competing effect on the activity of    {  110  }   〈 1  1 ¯  0 〉    versus    {  100  }   〈 011 〉    slip. A transition from a high activity of    {  110  }   〈 1  1 ¯  0 〉    to comparable activation of    {  100  }   〈 011 〉    and    {  110    〈 1  1 ¯  0 〉    in a subducted slab provides an explanation of observed VSH > VSV in the circum-Pacific with a decrease in anisotropy near the margins of LLVSPs.
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Figure 1. An unrolled diffraction image and MAUD fit of the MgO sample. Black arrow indicates the compression direction. Sinusoidal distortion of diffraction line indicates lattice strain. Systematic intensity variation along azimuth indicates texture. 
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Figure 2. Experimental lattice strains of {200}, {220}, and {111} planes. Rectangles represent data in Run 1; circles represent data in Run 2. 
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Figure 3. Inverse Pole Figures (IPFs) of the compression direction for periclase showing texture evolution with pressure. Scale bar is given in multiples of random distribution (m.r.d.). 
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Figure 4. Lattice strains in the EVPSC simulation. Above 20 GPa, Q(111) gradually surpasses Q(220) due to “pressure hardening” of    {  100  }   〈 011 〉    slip system. 
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Figure 5. Texture evolution in the EVPSC simulation. 
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Figure 6. Activity of slip systems in EVPSC simulation.   {  110  }   〈 1  1 ¯  0 〉    and    {  100  }   〈 011 〉    slip systems are activated with a ratio of 70:30 and gradually reach 100:0 at ~50 GPa. 
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Figure 7. Flow stress of experiment Run 1 calculated using Equation (3) and the EVPSC simulation. Based on the simulation result, the flow stress increases ~25% due to ‘pressure hardening’ of    {  100  }   〈 011 〉    slip system. 
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Figure 8. (a) Simplified scheme of a slab sheared along CMB. The greyscale gradient arrow indicates increasing {100} activity towards LLVSP. (b) Modeled shear wave anisotropy under 100% simple shear with different slip system activities. The CMB is horizontal and simple shear is top to the left, parallel to CMB. The black lines indicate the fast shear wave polarization direction. The anisotropy weakens towards the LLVSP due to increasing activity of the {100} system. 
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Table 1. CRSSs value used in EVPSC. Values at 0 GPa are the initial CRSSs. A stress exponent of 8 is used for all slip systems.
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Pressure

	
0 GPa

	
0–20 GPa

	
20–50 GPa




	
Slip System

	






	
    {  110  }   〈 1  1 ¯  0 〉    

	
1.2 GPa

	
1.2 GPa

	
1.2 GPa




	
    {  100  }   〈 011 〉    

	
2.1 GPa

	
d(CRSS)/dP = 0.01

	
d(CRSS)/dP = 0.1
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