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The impacts of mantle phase transitions and the iron spin
crossover in ferropericlase on convective mixing—

Is the evidence for compositional convection
definitive? New results from a Yin-Yang overset
grid-based control volume model

M. H. Shahnas' and W. R. Peltier’

'Department of Physics, University of Toronto, Toronto, Ontario, Canada

Abstract High-resolution seismic tomographic images from several subduction zones provide evidence for
the inhibition of the downwelling of subducting slabs at the level of the 660 km depth seismic discontinuity.
Furthermore, the inference of old (~140 Myr) sinking slabs below fossil subduction zones in the lower mantle has
yet to be explained. We employ a control volume methodology to develop a new anelastically compressible
model of three-dimensional thermal convection in the “mantle” of a terrestrial planet that fully incorporates
the influence of large variations in material properties. The model also incorporates the influence of

(1) multiple solid-solid pressure-induced phase transitions, (2) transformational superplasticity at 660 km
depth, and (3) the high spin-low spin iron spin transition in ferropericlase at midmantle pressures. The
message passing interface-parallelized code is successfully tested against previously published benchmark
results. The high-resolution control volume models exhibit the same degree of radial layering as previously
shown to be characteristic of otherwise identical 2-D axisymmetric spherical models. The layering is
enhanced by the presence of moderate transformational superplasticity, and in the presence of the

spin crossover in ferropericlase, stagnation of cold downwellings occurs in the range of spin crossover
depths (~1700 km). Although this electronic spin transition has been suggested to be invisible seismically,
recent high-pressure ab initio calculations suggest it to have a clear signature in body wave velocities which
could provide an isochemical explanation of a seismological signature involving the onset of decorrelation
between V, and V; that has come to be interpreted as requiring compositional layering.

1. Introduction

Radial heat transfer in the interior of the Earth and other terrestrial planets plays a vital role in the thermal
evolution of these objects, in the maintenance of their magnetic fields, and, in the case of Earth, in forcing
the “drift” of the surface continents relative to one another. Especially for the Earth, in which radial heat
transfer is dominated by solid-state thermal convection, the ability to accurately simulate this process
is essential to our ability to understand the evolutionary trajectory of the object since it first formed
approximately 4.56 billion years ago. Because the process of solid-state convection in the “mantle” of
the Earth which surrounds its liquid iron outer core is a hydrodynamic phenomenon and because the
effective viscosity of a “solid” is controlled by a thermally activated solid-state creep mechanism, it is
expected that thermal convective mixing in a system of this kind will involve large variation in effective
viscosity. Given that the core-mantle boundary (CMB) interface, is at present at a temperature Ty such
that 3600°K < Tcyg <4000°K [e.g., Boehler, 1992] and given that the mantle of the Earth is extremely thick,
with its depth d~2900 km and that its effective viscosity, in an azimuthally averaged depth-dependent
sense, is in the vicinity of 10%! Pa's [e.g., Peltier, 1998a], the effective Rayleigh number that determines
the efficiency of radial heat transfer is found to be on the order of 107 [e.g., Jarvis and Peltier, 1982]. Since this
is approximately 10* times the nominal critical value for the onset of convection, it is clear that the circulation
in this system will be determined by thin thermal boundary layers and strongly localized thermal upwellings
(plumes) and downwellings characterized by large lateral variations of effective viscosity.

The numerical challenge that must be met in the accurate representation of the mixing process in a system of
this kind is therefore significant. Not only are the physical properties of the assemblage of minerals that make
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up the solid expected to be strong functions of temperature and pressure, but there also exists a series of
pressure-induced phase transitions that occur in the mineral assemblage as depth in the system, and thus
hydrostatic pressure increases. The earliest numerical models that were developed in an attempt to provide
an understanding of mantle mixing were based upon the application of simple second-order accurate
finite difference (FD) methods [Turcotte and Oxburgh, 1967; Torrance and Turcotte, 1971; Peltier, 1972;
McKenzie et al., 1974; Parmentier et al., 1975; Jarvis and McKenzie, 1980; Yuen and Peltier, 1980; Jarvis and
Peltier, 1982] and typically incorporated none of the above enumerated complexities. In this early work,
the value of the diffusivity for momentum, v, was recognized to be so large relative to the thermal diffusivity,
k, that the Prandtl number Pr = v/x was such that Pr>102°, implying that the action of the inertial force would
be entirely negligible relative to the viscous force, thus rendering these flows quasistatic. The high Rayleigh
number circulation is therefore expected to be thermally, but not mechanically, turbulent.

More recent advances in the development of models of the mantle convection process have most often
been based upon the finite element methodology [e.g., Christensen, 1984; Christensen and Yuen, 1989;
Baumgardner, 1985; King et al., 1990; Moresi and Gurnis, 1996; Bunge et al., 1997; Zhong et al., 2000]. This
methodology has proven to be more effective than the simpler FD formulation in the sense that it is more
capable of dealing with large variations of physical properties or in circumstances in which the geometry is
assumed to be irregular.

Spectral methods [Honda et al., 1993] have also been applied to the mantle convection problem as these are
known to possess significant advantages insofar as accuracy is concerned, at least in circumstances in which
rheological complexity is irrelevant. Until recently, these methods have remained the basis of the technology
of choice in the numerical representation of the general circulation of the atmosphere as this is embedded
within the multicomponent structure of a modern coupled climate model [e.g., the NCAR CCSM3/4 structure,
Collins et al., 2006]. As originally developed by Orszag [1969], the method is typically implemented in what is
termed a “semispectral” mode in which the hydrodynamic fields are time stepped in the wave number
domain of the set of spherical harmonic basis functions in terms of which the fields are expanded. The
nonlinear advection terms are evaluated in physical space and then transformed back to the wave number
domain prior to each time advance of the model. The availability of the fast Fourier transform algorithm
for the longitude dependence of the fields on each latitude circle and of accurate Gaussian quadrature
for evaluation of the latitudinal part of the transform dramatically improves the efficiency of this method,
especially in circumstances in which the spatial resolution is modest [see Stuhne and Peltier, 1999, for a
discussion of issues concerning the behavior of this methodology at extremely high spatial resolution].
A great deal of effort has been devoted to the implementation of spectral methods in the mantle convection
context [e.g., Glatzmaier, 1988; Machetel et al., 1995; Monnereau and Quere, 2001; Forte and Peltier, 1994;
Tackley et al., 1994; Zhang and Christensen, 1993; Zhang and Yuen, 1996]. A significant problem with this
methodology, however, concerns its limitations insofar as enabling the analysis of flows with azimuthal
variations of viscosity to be accurately performed [Balachandar et al., 1996; Christensen and Harder, 1991;
Zhang and Christensen, 1993]. Because of this problem, such methods have normally been restricted to the
investigation of the mantle convection process subject to the assumption that viscosity is a function of depth
alone, in which case the depth dependence has usually been represented using finite differences [e.g.,
Machetel et al., 1986; Glatzmaier, 1988; Balachandar and Yuen, 1994]. Glatzmaier [1988] in fact employed
Chebyshev representations to resolve the radial structure of each dependent variable, and Balachandar
and Yuen [1994] employed a stretched Chebyshev representation.

One of the most efficient methodologies for application to the convection problem, in principle, in circumstances
in which there exist large variations of physical properties, both azimuthally and with depth, is clearly the control
volume (CV) formulation. As originally developed by Spalding and his students [e.g., Patankar and Spalding, 1972;
Patankar, 1980] for engineering applications, this method has come to attract some attention in the area of
planetary physics [e.g., Ogawa et al., 1991; Tackley, 1994, 1998; Ratcliff et al., 1996b; Harder and Hansen, 2005;
Stemmer et al., 2006; Tackley, 2008] where applications have been presented in both Cartesian and spherical
geometries. Even in the context of the atmospheric general circulation problem, especially when interactive
chemistry is included, this methodology is gradually becoming strongly entrenched.

Our purpose in the present paper is to investigate the mantle mixing process and the degree of radial layering
of the circulation to be expected in the presence of the deep-mantle perovskite-postperovskite (Pv-pPv)
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exothermic phase transformation, transformational superplasticity (TS) [Sauveur, 1924; Bachvar and Sviderskaya,
1945; Sammis and Dein, 1974] at the 660 km depth of the endothermic phase transition, and the very recently
identified second-order electronic spin transition in iron at midmantle depths [Fyfe, 1960; Badro et al.,, 2005; Wu
et al,, 2009] in mantle minerals that is now known to occur at midmantle pressures (60-70 GPa). To this end, we
will employ a newly developed three-dimensional spherical control volume model, one that incorporates all of
the important influences previously enumerated.

2. Mantle Transitions of Both Phase and Electronic Spin

Prior to presenting the methodology and the model results, we briefly review the most important pressure-
temperature-induced transitions that are known to occur as a function of depth in the Earth’s mantle.

2.1. Phase Transitions

The issue of the radial form of the convective circulation in Earth’s interior is important to the understanding
of mantle dynamical processes in both the deep Earth and at its surface. Beginning with the work of Richter
[1973], the influence of mantle phase transitions upon the convection process has been extensively studied.
In particular, the role of mantle phase transitions on the degree of mantle layering has been tested in a wide
range of numerical models [Christensen, 1982; Christensen and Yuen, 1984, 1985; Machetel and Weber, 1991;
Peltier and Solheim, 1992; Solheim and Peltier, 1993; Tackley et al., 1993; Christensen, 1995; Brunet and
Machetel, 1998; Shahnas and Peltier, 2010]. At Earth-relevant conditions, an exothermic phase transition
(in which the latent heat is released in transition from the low-pressure to high-pressure forms) energizes
convective mixing, whereas an endothermic phase transition diminishes its strength. However, the degree
of mantle layering that is expected to be due to the endothermic phase transition at 660 km depth has
yet to be established definitively. A detailed recent review of the implications of high-resolution seismic
tomographic imaging studies of several subduction zones has recently been provided by Shahnas and
Peltier [2010], and no purpose will be served by repeating it here. Suffice it to say that in many such regions
the downgoing slab is inferred to be either entirely arrested in its descent and lying flat across the endothermic
horizon or accumulating within the transition zone between 420 and 660 km depth.

Based upon the earliest numerical work, the possibility of partial mantle layering [e.g., Christensen and Yuen,
1985; Christensen, 1995; Machetel and Weber, 1991; Peltier and Solheim, 1992; Solheim and Peltier, 1993; Tackley
et al,, 1993] due to the action of the endothermic transition was recognized. Temporary cold slab stagnation
in the transition zone was later shown to be followed by a massive exchange of mass between the upper and
lower mantle through the action of an avalanche process [Peltier and Solheim, 1992; Brunet and Machetel,
1998; Tackley et al., 1993]. This mechanism has been suggested to be the primary candidate for the explanation
of the Wilson cycle of supercontinent creation and destruction [Peltier et al., 1997] and the generation of
superplumes. The issue of the (effective) Clapeyron slope of the endothermic transition at 660 km depth
continues to be an issue regarding the effectiveness of its impact upon convective mixing, the literature
on which was also reviewed by Shahnas and Peltier [2010]. It is important to understand in this context that
there in fact exists a series of phase transitions near the 660 km depth horizon involving the transformation
of spinel + stishovite to ilmenite at ~20 GPa and from ilmenite to perovskite at ~24 GPa. The final transition
in this sequence has a strongly negative Clapeyron slope (—6 + 1 MPa/K). The net effect of the collectivity of
these transitions at the base of the transition zone may therefore be extremely important.

2.2. Transformational Superplasticity

Large elongated structures in metals and alloys were first recognized by Sauveur [1924]; however, the term
“superplasticity” was first employed by the Russian workers Bachvar and Sviderskaya [1945] to describe the
creep regimes in which metal bars can undergo very large strains in tension without necking and was studied
by Pearson [1934]. Based on many experimental observations, it is known that there is a mechanical weakening
in some materials at the temperature where a change in crystal structure occurs, which can result in a large
change in shape in pure metals under zero or very small stresses. The increased creep rate in some ceramics
has also been observed by many workers [Poirier, 1985; Maehara and Langdon, 1990; Meike, 1993].
Transformational superplasticity may occur in some materials while there is a phase change occurring
within them [Sammis and Dein, 1974]. Structural superplasticity refers to an extreme plasticity due
to a strong reduction in the grain size after the transition is complete [Rubie, 1984]. Both types cause
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an effective viscosity reduction in the material. Transformational superplasticity for which the effective
viscosity of the material decreases due to continuous phase change has been studied and observed in
metals, alloys, and ceramics; however, the possibility of superplastic deformation of nonmetallic materials
such as mantle minerals under mantle conditions had not received much attention until Sammis and Dein
[1974], two pioneers who attempted to measure the superplasticity of rocks and to extend the idea of
superplasticity in the Earth’s mantle through their experimental work on cesium chloride. The effectively
aseismic nature of the lower mantle below 660 km depth may be attributed to the superplasticity of
the mantle flow at the base of the transition zone where the mineral spinel dissociates to fine-grained
composite of perovskite and magnesiowistite with a eutectoid (mutual intergrowth) texture. The
existence of a low-viscosity zone associated with the endothermic phase change at 660 km depth has been
invoked in some global models of geoid anomalies [e.g., Forte et al., 1993; Pari and Peltier, 1995, 1996,
1998], glacial isostatic adjustment models [e.g., Peltier, 1998a, 1998b], and viscosity models derived from
gravity data [Soldati et al., 2009]. Models of polar wander are also consistent with the viscosity models
which include a thin, low-viscosity layer at the transition boundary [Steinberger and O’Connell, 19971].
Due to the reduction in viscosity across the phase transition, the Rayleigh number increases locally in this
layer and the mantle flow becomes more dynamic and energetic which in turn may cause higher lateral
variations in the temperature field and consequently higher lateral variations in the depth of the endothermic
phase transition boundary. Since the endothermic transition-derived buoyancy forcing is proportional to the
variation of the phase transition depth, under certain conditions, the presence of a superplastic layer may
result to a higher degree of mantle layering. We will investigate this possibility in what follows.

2.3. A New “Transition” in Earth’s Deep Mantle: The Electronic Spin Transition in Iron

The spin transition in iron from a high-spin (HS) state to a low-spin (LS) state with increasing pressure was first
predicted by Fyfe [1960] but only supported as plausible on the basis of both crystal field theory [Burns, 1993;
Sherman, 1988] and band theory [Cohen et al., 1997] to occur as a result of the compression of mantle material
with increasing pressure. However, its existence has been experimentally confirmed only recently. The direct
probing of the spin state of mantle minerals under high-pressure conditions only became possible as a
consequence of the improvements in X-ray spectroscopy instruments on third-generation synchrotron
sources combined with enhanced laser-heated diamond anvil cell technology [Badro, 2012], and the
properties of mantle minerals could then be studied over the entire pressure and temperature range
characteristic of Earth’s mantle. The physical and chemical properties of iron-bearing minerals are quite
different from those of iron-free minerals. This is because iron is a 3d transition metal with two stable
valence states, Fe?* and Fe3*, with electronic configurations [Ar?9° and [Ar396, respectively [Badro et al.,
2005]. The LS state of iron is expected to have a smaller ionic radius than its HS counterpart [Shannon
and Prewitt, 1969], and due to an decrease in the number of unpaired 3d electrons in the LS state, the
magnetic susceptibility of the mineral decreases in the HS-LS crossover [Burns, 1993]. This change in spin
state is expected to influence all of the physical properties of mantle minerals and consequently the style
of the convective mixing process [Lin et al, 2008; Wentzcovitch et al, 2009; Wu et al., 2009; Wu and
Wentzcovitch, 2014] and consequently is expected to influence the style of mantle convection.

Based on high-pressure experiments, the HS-LS crossover in iron is now known to occur in the range of
pressure from 60 to 70 GPa in ferropericlase (Mgg.gsFeq.17)O [Badro et al., 2003]. High-resolution KB X-ray
spectroscopy has revealed that the iron in ferropericlase is entirely in the LS state at pressures greater than
75 GPa [Badro et al., 2003]. Despite the fact that LS minerals have higher density than their HS counterparts
(due to the smaller molar volume of LS minerals because of the impact of pressure), the HS-LS transition
could be seismically transparent and the crossover-related anomalies in radial seismic velocity profiles
in a pyrolitic lower mantle could be subtle with no obvious signature [Cammarano et al., 2010; Badro,
2012; Wu et al., 2013; Wu and Wentzcovitch, 2014]. Based on inelastic X-ray scattering measurements on
(Mgo g3Feq.17)O ferropericlase, Antonangeli et al. [2011] reported that spin transition effects on the elastic
properties are limited to only the shear moduli of the elastic tensor, which may explain the lack of a
one-dimensional seismic signature of the spin crossover. However, in the most recent report of Badro
[2012], a possible seismic transparency of the spin transition is suggested to be related to the consistent
increase in both density and adiabatic bulk modulus such that the seismic parameter, K/p, remains
unchanged. Despite the lack of radial signature, the lateral heterogeneities in bulk and longitudinal

velocities (V4 = \/K/p and V, = /(K + 4u/3)/p, respectively) are robust [Wu and Wentzcovitch, 2014].
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The recent work of Wu and Wentzcovitch [2014] based on density functional theory computational methods
suggests in fact that the spin change in iron in ferropericlase may also offer an alternative interpretation for
the observed seismic velocity anomalies at midmantle depths usually interpreted to imply compositional
heterogeneity [e.g., Ishii and Tromp, 1999]. Their first-principle calculations reveal an anticorrelation between
shear and bulk sound velocities (Vs = \/u/p and V4 = \/K/p, respectively) in homogeneous aggregates
containing ferropericlase [Wu and Wentzcovitch, 2014]. The spin crossover can also suppress thermally induced
heterogeneity in longitudinal velocity (V) at certain depths without significant impact in shear velocity (V).

The HS-LS transition in ferropericlase may also increase the partition coefficient of iron between ferropericlase
and magnesium silicate perovskite by several orders of magnitude [Badro et al., 2003], depleting the perovskite
phase of its iron. This may cause stratification in the lower mantle with a phase mixture of approximately equal
partitioning of iron between magnesium silicate perovskite and ferropericlase in the upper layer and a mixture
of almost iron-free perovskite and iron-rich ferropericlase in the lower layer [Badro et al., 2003]. The melting
point of an iron-free perovskite is significantly higher than its iron-bearing counterpart [van Keken et al., 1995;
Zerr and Boehler, 1993], and in many minerals, the viscosity increases with the increase of the melting
temperature [Weertman and Weertman, 1975], and therefore, perovskite, as the major constituent mineral
of the lower mantle, will have higher viscosity in the lower regions of the mantle [Badro et al., 2003; Badro,
2012]. Although the importance of the spin transition in ferropericlase is well established, debate continues
concerning its possible importance in the more abundant perovskite phase, a debate that has also been
reviewed by Shahnas et al. [2011].

In the new model of the mantle convection process that is fully developed in what follows, our goal is to
incorporate all of the above physical characteristics in an isochemical framework. We view this as potentially
important as the work of Wu and Wentzcovitch [2014] suggests that the seismic transition at midlower
mantle depths, which has been commonly interpreted as implying compositional stratification, may simply
be a consequence of the occurrence of the spin transition in iron. If this were the case, it would demand an
important revision of the currently prevailing view that the mantle convection process is fundamentally
thermocompositional in nature rather than essentially isochemical. In our analysis of this issue below,
which extends those discussed in terms of axisymmetric convection models in an earlier paper [Shahnas
et al.,, 2011], we will explore the consequences in terms of the expected nature of the heterogeneities that
would be caused by the modulation of the convective circulation by the influence of the spin transition.

3. A Control Volume Formulation for Multiphase Mantle Convection
3.1. Yin-Yang Grid

The standard form of the Yin-Yang grid is an overset grid formed by two geometrically identical grids as
described by Kageyama and Sato [2004] in detail. This grid, which is illustrated in Figures 1a-1c, consists of
two latitude-longitude (0-¢) grids each with £45 + §° (6 ~ A9) latitudinal domain covering 270° of longitude
which taken together tile the sphere in a way that is entirely analogous to the covering of a tennis ball. The
two patches (Yin and Yang) are both covered in their interiors by orthogonal coordinates and are symmetrical
so that similar routines may be used in solving the conservation equations that are employed to describe the
mantle convection process. However, unlike the icosahedral or cubed sphere grids, the Yin and Yang grids do
not connect in a simple fashion so that interpolation schemes are required at the overlapping boundaries to
accurately connect them. The overlap area required to accomplish this is approximately 6% of the surface
area of the sphere and could be further reduced by employing a modified version of Yin-Yang grid with
curved boundaries instead of quasirectangular boundaries [Kageyama and Sato, 2004]. Some modified
versions of Yin-Yang overlapping grids such as the three identical-patch grid [Kageyama and Sato, 2004] or
the extended Yin (i.e., cover the full Yin grid) with two reduced Yang grids or Yang caps [Staniforth and
Thuburn, 2012] have also been proposed. In our model calculations, we employ a modified form of the
standard Yin-Yang grid in which the Yin and Yang components are both extended (full in the longitudinal
extent of the domain). This increases the computational load by approximately 25% but reduces the boundary
overlap and has proven to be much more capable of preserving symmetry. The fields in the regions of overlap
of the Yin and Yang grids are averaged. The boundary values at the edges across which the Yin and Yang grids
must be connected in our calculations are obtained by bicubic Lagrange interpolation [e.g., Li et al.,, 2006] using
the internal grid points of the two patches of the tiling (see Figures 1d-1f).

SHAHNAS AND PELTIER

PHASE AND SPIN TRANSITIONS IN MANTLE 5888



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012064

(@) (b)

Figure 1. (a) Yin grid, (b) Yang grid, (c) combined Yin-Yang grid, (d) modified Yin grid, (€) modified Yang grid, (f) modified
Yin and Yang grids combined to cover a spherical sphere with extended overlap employed in this study.

3.2. Thermomechanical Equations

The anelastically compressible mantle convection model documented herein is based upon the application of
the control volume method to solve the basic hydrodynamic equations at high Prandtl number where the inertial
forces are negligible in a three-dimensional spherical shell. The set of nonlinear partial differential equations that
define the model consists of conservation equations for mass (continuity), momentum, and internal energy. This
set of simultaneous equations is solved in the anelastic approximation by which we mean that compressibility
is incorporated solely in the background hydrostatically balanced variation of density of the medium within
which the convection process occurs so that the local time derivative of the density field required to support
the propagation of sound waves is eliminated from the conservation of mass relation. The equation of state
for the convecting medium, for application to the Earth, will be assumed to include the important olivine-spinel
and spinel-perovskite + magnesiowUstite phase transitions at 410 km and 660 km depths, respectively, as well as
the deep-mantle perovskite-postperovskite (Pv-pPv) phase transition at approximately 2700 km depth discovered
by Murakami et al. [2004] on the basis of high-pressure mineral physics experiments. The final model for which
results will be provided in section 6 will be for the influence of the HS-LS spin transition in iron. The anelastic form
of the continuity equation on which the model is based is simply

v-(pV) =0, M
in which the variable gis the hydrostatically balanced depth-dependent density field of the background state.

In the infinite Prandtl number approximation in which the inertial force may be neglected relative to the viscous
force, the expression for conservation of momentum is

VP 4V-5—pgf=0, )

where the deviatoric stress tensor is given by
_ - T 2 =
5=V + (V)] =Sn(V-V)T. 3)

The partial differential equation describing the conservation of internal energy, on the other hand, is

DT DP DI';
5o — T — — V- (KVT) + ® + pH + pli . 4
Cpp ot~ o (kVT) + @ +p +p,Dt (4)
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The final relation required in order to close the system of partial differential equations of the model is the
equation of state, which may be written for our purposes in the approximate form:
1

p=p|1—a(T=T,) +K—T(P— P +Api(Ti = Ty),  i=1,23. (5)
In this system of equations, 5, p, g, a, T, T, V, P, P,, H, ®, 5, Cp, k, K7, t, and F denote the background radial
variation of density due to the self-compression of mantle material, total density, gravitational acceleration,
thermal expansion coefficient, temperature, reference temperature, velocity, pressure, reference pressure,
internal heating rate, viscous energy dissipation rate, molecular viscosity in shear, heat capacity at constant
pressure, thermal conductivity, bulk modulus at constant temperature, time, and the unit vector in the radial

direction, respectively.
The quantities /; in equation (4) and Ap; in equation (5) represent the latent heat of transformation and

the density contrast between two solid phases across divariant phase transition i, and T’; is a phase density
functional defined by [e.g., Richter, 1973]

1

F, 25[1 +tanh(7r,-)], (6)
where the nondimensional arguments of the hyperbolic tangent functions are given by
_di—d—y(T-T)

hi

In equation (7), the parameters d, d;, h;, T;, and y; are depth, reference depth of phase boundary i, width of the
ith divariant phase transition, transition temperature at the reference depth d; and the Clapeyron slope of the
relevant phase transition, respectively. The important viscous dissipation rate of energy per unit volume of

the mantle in equation (4) in three-dimensional spherical geometry has the following explicit form [e.g.,
Winter, 1977] in each of the Yin and Yang patches:

2 2 )
@—zn{[%} +|:15V9+&:| +{ 1 6V¢+ﬁ+Vgcot(9)} —l[V'V}Z}

. 7)

i

or roo " r rsin(0) o¢ | r r 3
L[ Ve 10va® sin(6) @ ( Ve 1)’ ®
U ) r 00\sin(0) rsin(0) o¢

1T, (V]
%me@*’#?ﬂ |

We employ the following scheme to nondimensionalize the governing field equations:

r=rAr,  T=TAT, n=n%ny k=kko, p=pps Cp=CpCo,
d’ 1Ko 1Ko ©)
=g = =K t=t'— pP=p2 =2
) 99, o @ 0p, K= KKo, K07 d2 y O o dz )
in which zero-subscripted quantities denote a reference value of the parameter and « is the thermal diffusivity.
As characteristic length and temperature scales, we employ, respectively, Ar =Rt — Remg and AT = Temg — Tsurt-
The nondimensional momentum equation is then given by
—V'P'+V'-G — Rop'g'r =0, (10)
where the Rayleigh number of the system is

d3
Ry = gop_o_ an
Hoko
Dropping the primes in order to simplify the notation then reduces equation (10) to
—~VP+ V-G — Ropgr = 0. (12)

The components of the momentum equations and the stress tensors in spherical geometry are given in
Appendix A. The nondimensional form of the energy equation may be written [Shahnas and Peltier, 2010] as

) _
(Cp — ail}) (5( pT)+ V- (ﬁTV)) + &E0TV,pg =V - (kVT) + 5o® + y,pH + wopfili, (13)
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Table 1. Comparison of the Mean Temperatures, Nusselt Numbers, and RMS Velocities for the Models With Tetrahedral
Symmetry at Raj/,=7 % 10° on 2 X OX X r=2x 70 x 240 x 49 Grid®

Model Raq 2 Ay <T> <Nuy> <Nup> <Vrms>
TO1 7% 103 1 0.2287 3.5549 3.5204 31.57
Zh 0217 3.5126 34919 32,66
YK 3.4430 32.08
Rt 3.4423 32.19
Iw 345 32.41
TS 3.6565 32,93
Ka 0.2159 3.4945 32,63
Ta 348 32,57
St 3.4864 44864 32.58
TO2 7% 103 10 0.2484 32722 3.2385 25.96
Zh 0.236 3.2674 3.2491 27.36
Ka 0.23469 3.2482 27.28
St 3.2398 3.2399 27.25
T03 7x10° 20 0.2553 31722 3.1333 24,58
Zh 0.243 3.1724 3.1548 25.85
YK 3.1330 26.10
Rt 3.1615 25.69
Ka 0.2418 3.1534 25.76
Ta 3.15 25.71
St 3.1447 3.1450 25.73
To4 7x10° 102 0.2792 2.9290 2.8908 2262
zh 0.265 29354 2.9205 23.11
TO5 7% 103 103 0.3269 2.5239 25196 2224
Zh 0312 2.5468 2.5352 22.90

4T01-T05 represent our model results with tetrahedral symmetry. The abbreviation code names “Zh” stands for Zhong
et al.[2008], “YK” for Yoshida and Kageyama [2004], “Rt” for Ratcliff et al. [1996a], “Iw" for Iwase [1996], “TS" for Tabata and
Suzuki [2000], “Ka"” for Kameyama et al. [2008], “Ta"” for Tackley [2008], and “St” for Stemmer et al. [2006].

where the further nondimensional parameters appear as

_ 0god P Noko Hod? NoKo

=— =7, = , W =—F5——".
=g % CopoATd? 707 CoroAT" T q2CopoAT

(14)
A power law advection scheme [Patankar, 1980; Shahnas and Peltier, 2010] has been employed in our
control volume formulation. The solution of the discretized equations is obtained using the tridiagonal
matrix algorithm described by Patankar [1980]. The momentum and energy equations are integrated
over Av and AvAt, respectively [Patankar, 1980; Shahnas and Peltier, 2010], where Av is the spherical
control volume element and At is the time step. A staggered grid [Harlow and Welch, 1965] in which
the pressure is defined in the center of each cell and velocity components are defined at cell boundaries
has been employed. Employing the message passing interface, the solution of the system of thermomechanical
equations is parallelized by dividing the three-dimensional spherical shell domain (with lateral extents
6 =145+ ¢°) of the Yin and Yang patches into a number of “slices,” each of which itself consists of a number
of latitude-depth planes.

4. Initial Benchmark Tests of the Yin-Yang Control Volume-Based Model

Prior to applying it to the complex problems for the Earth which will be our ultimate focus, the code has
been tested extensively against previously published benchmark results. The general form of the thermal
perturbation superimposed on a conduction solution to describe the initial conditions for a given model
run in these benchmark tests is expressed as

ry(r—re) . . f&(r—rp)
T(r, =t ‘ - LY 1
(1:0.0) = =155+ D liam CO5(M)pin(0) + s ()i (0] sin sl o
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Figure 2. Benchmark test models: T01, T03, and T05 are models with tetrahedral symmetry at Ra,, =7 x 10% and Ay=1,
20, and 103, respectively; C01, C03, and CO5 are models with cubic symmetry at Ra;,» =7 x 10° and An=1,30,and 103,
respectively; C11, C14, and C15 are models with cubic symmetry at Ra, > = 10° and Ay=1, 103, and 106, respectively.

where | and m are the spherical harmonic degree and order, respectively; e.,, and &, are the magnitudes of the
individual spherical harmonic constituents; and p;,, is the normalized associated Legendre polynomial given by

plm(a) = \/275(2—( i 15,)7',{./)(7/ T)rln) ,3Im(0) (16)

The curvature defined as the ratio of the radii of the inner and outer bounding surfaces of the spherical shell
(f=Rpot/Rsurf) in our numerical models is 0.547 (Earth-like curvature). For tetrahedral symmetry, the
harmonic degree and order of the initial temperature perturbation are /=3 and m =2, respectively, and
&c2 =65 =0.01. For cubic symmetry, we assume /=4 and m =0+ 4 with the magnitudes of ¢ =¢,=0.01
and ¢.4=¢,4=0.01%x7/5 [Zhong et al, 2008]. In the case of test models with variable viscosity, a
temperature-dependent viscosity of the form

n(T) = AexplE(Tret — T)] 17)

is assumed in which T, is the reference temperature for the viscosity (T,es = AT/2 + T5,s) and the activation
energy parameter (E=In(A#)) controls the viscosity variation within the shell. Therefore, the viscosity
achieves its maximum (minimum) at the top surface (core-mantle boundary surface).
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Table 2. Comparison of the Mean Temperatures, Nusselt Numbers, and RMS Velocities for the Models With Cubic

Symmetry at Raj/; =7 % 10° on 2 x OX ¢ x r=2x 70 x 240 x 49 Grid®

Model <Raq;> Ay <T> <Nug> <Nup> <Vrms>
o1 7x10° 1 0.2249 3.5931 3.6069 30.36
zh 0217 3.6254 3.6016 31.09
YK 3.5554 30.51
Rt 3.5806 30.87
Ka 02163 3.6083 31.07
St 3.5982 3.5984 31.02
co2 7x10° 20 0.2622 33194 3.3280 2435
zh 0.252 3.3721 33513 25.13
YK 3.3280 2538
Rt 3.3663 25.17
Ka 0.2511 3.3525 25.06
St 3.3423 33427 25.98
co3 7x10° 30 0.2686 3.2676 3.2750 23.68
zh 0.258 33162 3.2960 2435
Ka 0.2572 3.2969 2424
St 3.2864 3.2869 24.19
Co4 7x10° 102 02910 3.0859 3.1012 2238
zh 0.279 3.1278 3.1093 22.49
o5 7x10° 10° 03417 26493 2.6982 22.26
Zh_B5 0330 26780 26635 22.29
Ka 0274 7.04 7.04

Co6 7x10° 107 0.5886 34336 3.6206 157.72
zh 0.589 3.4753 35171 1587

4C01-C06 represent our model results with cubic symmetry. The abbreviation code names “Zh” stands for Zhong et al.
[2008], “YK" for Yoshida and Kageyama [2004], “Rt” for Ratcliff et al. [1996a],"Ka” for Kameyama et al. [2008], and “St” for
Stemmer et al. [2006)].

Our numerical results for the Nusselt numbers at the upper and lower boundaries of the shell, mean temperatures,
and mean RMS velocities for the models with temperature-dependent viscosity ranging from Ay = 1to Ay = 10°
(A =exp(E)) at Ra,=7 % 10° are presented in Table 1 for the models with initial tetrahedral perturbation
symmetry. Ra,,, is defined by the reference viscosity #,ef (Tre) [Ratcliff et al., 1996a]. TO1, T03, and TO5 in
Figure 2 display the steady states for this symmetry with four upwelling plumes at different viscosity contrasts.
The results are compared with published benchmark results for these cases in Table 1. The statistical data for
the models with cubic perturbation symmetry are listed in Table 2 where they are also compared with the

Table 3. Comparison of the Mean Temperatures, Nusselt Numbers, and RMS Velocities for the Models With Cubic

Symmetry at Raj/,=10° on 2 X 0 x ¢ X r=2x 70 X 240 x 65 Grid®

Model Ra /> Ay <T> <Nug> <Nup> <Vrms>
C1 10° 1 0.1955 7.6488 7.6656 145.50
Zh-C1 0.1728 7.8495 7.7701 154.8
St—Case1b 0.1941 73717 73721 153.13
Ta 7.27 160.2
C12 10° 30 0.2206 6.6817 6.6879 109.03
Zh-C3 0.2011 6.7572 6.7182 109.1
C13 10° 100 0.2372 6.4132 6.4300 99,26
Zh-C4 0.2168 6.4803 6.4362 98.90
C14 10° 10° 0.3201 6.1576 6.2006 97.18
St-Case4® 0.3335 6.0791 6.0893 88.14
Ta 6.06 96.8
C15 10° 10° 0.6436 5.8593 6.1716 446.25
St-Case7” 0.6530 6.0859 6.0851 416.50
Ta 6.50 404

#C11-C15 represent our model results with cubic symmetry. The abbreviation code name “Zh” stands for Zhong et al.

[2008], “St” for Stemmer et al. [2006], and “Ta” for Tackley [2008].

Started from random perturbations of small wavelength.
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available benchmark results. The models C01, C03, and C05 displayed in Figure 2 represent steady states for
the cubic symmetry with six upwelling plumes. C06 is in a so-called stagnant lid regime with many small
plumes at depth [Zhong et al, 2008; Tackley, 1993; Ratcliff et al., 1996a, 1996b]. The results at Ra;,, =7 x 10°
for cubic symmetry are listed in Table 3 where they are compared with the benchmark results of Stemmer et al.
[2006], Zhong et al. [2008], and Tackley [2008]. Our model results for the model C11 at Ra;,» =7 x 10° (Table 3)
are more consistent with the model results of Zhong et al. [2008] due perhaps to the fact that in both models
the cubic symmetry is preserved. The results demonstrate that even in this isoviscous model at Ra;/, =7 x 10°
the symmetry of the upwelling plumes and downwelling cold material is preserved. Despite an ~5% energy
nonconservation in model C15 with the viscosity contrast of 10° at Ra; > =7 x 10° (which could be improved
by employing a more sophisticated solver), Tables 1-3 demonstrate the power of our code in solving both
uniform and strongly variable viscosity convection problems. Our model results agree well with the published
benchmark results within a few percent or better, further confirming the validity of our code.

5. The Control Volume-Based Formulation Applied to a Model of the Earth

In this section, we will present the physical properties formulations to be employed in our control volume-based
Earth models in which mineral properties are strong functions of position due either to explicit or implicit
dependence upon temperature and pressure. A recent review of our understanding of the high-pressure
mineral physics and heterogeneity of the mantle will be found in Stixrude and Lithgow-Bertelloni [2012].
Employing 3-D spherical control volume models, an interest in this initial study is to estimate the extent to
which the influence of the pressure-induced mantle phase transitions may have been exaggerated by the
use of axisymmetric spherical models in our previous work [Shahnas and Peltier, 2010], and therefore, in these
new 3-D spherical control volume models, we will employ the same mantle parameters as were employed
previously in their axisymmetric counterparts. We will then proceed to investigate the impact of transformational
superplasticity [Bachvar and Sviderskaya, 1945] at the endothermic phase transition level on the degree of
mantle layering. In our final model, we will investigate the combined impact of solid-solid phase transitions,
transformational superplasticity at the endothermic phase transition level, a low viscosity in D", and finally
the influence of the high-spin to low-spin (HS-LS) crossover in iron occurring in the ferropericlase phase of
the mantle material [Badro et al., 2003] at lower mantle pressures on the style of mantle convection. This final
model will also include the influence of a 50 km thick approximation to the lithosphere at the Earth’s surface
(this should be understood to represent a sensitivity test of the impact of reduced surface mobility upon
surface heat flow rather than an attempt to represent the realistic influence of the variable thickness of
the elastic surface lithosphere) [e.g., Peltier, 1986, 1988]. Prior to presenting the model results, it will be useful
to describe the specific representations to be employed for the most important physical properties that
control the dynamics and radial heat transfer of the convection process within the spherical shell.

5.1. Thermal Expansivity

In applying the numerical method to the Earth, we will employ a pressure- and temperature-dependent
thermal expansivity. It may be described as [e.g., Fei, 1995]

a(P,T) = ao(T) (ZEZ g) T7 (18)

where d7 is the Anderson-Gruneisen parameter and v is the volume at pressure P and temperature T. We calculate
the thermal expansion coefficient from equation (18) by incorporating the third-order Birch-Murnaghan equation
of state [e.g.,, Schmeling et al., 2003] as
3 ,
P =3C(1 + 2C)°/ K+, (T) {1 —§<4—KT0)C}, (19)

where K7, (T)is the isothermal bulk modulus at zero pressure,K’TO is its pressure derivative, and the compression

Cis given by
1| v, TV
€73 [(V(p, T)) - 20

K'T0 = 5.37 [Fei, 1995; Schmeling et al., 2003] will be assumed throughout what follows.
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As in Shahnas and Peltier [2010], we continue to employ a power law relation for the temperature-dependent
part of this coefficient [Fei, 1995] as

ao(T) :Go+G1T+GzT_2. (21)
For forsterite, the parameters in (21) are given by Fei [1995] as

ao=3.034x10"°> K", gy =7.422x10"° K2, a, = —0.5381 K.

To obtain the bulk modulus temperature dependence, we employ the isothermal Anderson-Gruneisen
parameter o7 as

1 (dKy
- _ anry 22
5T OCKT (dT)P ( )

Above the Debye temperature, o1 and aKr may be assumed to be temperature independent. Subject to this
approximation, equation (22) may be integrated [Kumar, 2000] to obtain

Kro(T) = Ko [1 — aod?(T — To)]. (23)

The parameters for the mantle mineral Forsterite are, again given by Fei [1995], as

Ko =129 GPa, a9 =2.64x10> K', 6% =55 T,=298 K.

The thermal expansivity is assumed to be bounded above by the value 3.0x 107> K~ near the surface of the
convecting region.

5.2. Thermal Conductivity

Also, in application of the model to the Earth, the pressure- and temperature-dependent form of the thermal
conductivity proposed by Hofmeister [1999] will be employed as

k(P,T) = k(298) (2—?8)0 exp {— (4y + %) J;Sa(ﬁ)dﬁ} (1 + %) + ZZ biT'. (24)

The two terms in this semiempirical relation are respectively the lattice vibration (phonon) and radiative transport
(photon) contributions. The parameters in this equation [Hofmeister, 1999; van den Berg et al., 2002] are

k(298) =47 Wm 'K, a=03, y=12K K,=4 GPa, Ko =261 GPa,
bo = 1.7530 x 1072, by = —1.0365 x 1074, b, =2.2451 x 1077, b; = —3.4071 x 107"

The thermal conductivity has been assumed to be bounded below by the value 2.5Wm™' K™ near the surface.

5.3. Viscosity

In our numerical Earth models, we assume a VM3 depth-dependent viscosity profile based upon constraints
provided by the process of glacial isostatic adjustment [Peltier, 1998b; Peltier and Drummond, 2010] and so, for
the purpose of these initial analyses, we will be ignoring the influence of lateral viscosity heterogeneity.
Modified versions of VM3 which include a low-viscosity layer at the endothermic phase transition depth
(representing superplasticity at this depth), a low-viscosity D" layer, and a lithosphere of moderate viscosity
to mimic the influence of sluggish surface dynamics will be used in our final Earth models.

6. Results

The sequence of Earth models to be analyzed and compared with their axisymmetric counterparts consists of
three models denoted E000, E110, and E111, respectively, with no phase transitions, with two phase transitions
at 410 km and 660 km depths, and with three phase transitions at 410 km, 660 km, and 2700 km depths. The
thermal expansivity and thermal conductivity employed in these models are both pressure and temperature
dependent [Fei, 1995; Schmeling et al., 2003; Hofmeister, 1999] with the depth-dependent VM3 viscosity profile
[Peltier, 1998b] as described in sections 5.1. Figure 3 displays the VM3 viscosity profile and the depth variation
of the thermal expansivity and thermal conductivity for a sample geotherm (Figure 3b). The thermal history
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Figure 3. (a) VM3 viscosity profile [Peltier, 1998b; Peltier and Drummond, 2010], (b) a sample geotherm, (c) temperature- and
pressure-dependent thermal expansivity [Schmeling et al., 2003] with an upper limit of 3.0 x 107K ™" near the surface,
and (d) temperature- and pressure-dependent thermal conductivity [Hofmeister, 1999] with a lower limit of 2.5 W m K]
near the surface.

Table 4. Time-Averaged Mantle Mean Temperature and Surface Heat Flux of the Axisymmetric Spherical Models
[Shahnas and Peltier, 2010] Are Compared With Similar Quantities of the 3-D Spherical Models Discussed in This Paper

Axisymmetric Spherical Models T (K) HFgurf (TW) 3-D Spherical Models T (K) HF gy (TW)
C00DO0OVM3 1607 51.0 E110 1572 53.6
C12D80VM3 1755 594 E111 1748 63.7
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400 800 1200 1600

Figure 4. Temperature snapshots of the models E110 with two phase transitions at 410 km and 660 km depths and E111
with three phase transitions at 410 km, 660 km, and 2700 km depths. Superimposed slices of line contours provide a
better visualization of the layered convection. The cold and hot isosurfaces (blue and yellow) have temperatures of 1575°K
and 1875°K in the case of model E110 and 1725°K and 2025°K in the case of model E111. The bottom row display cross
section of the temperature anomaly profiles.

analysis [e.g., Butler and Peltier, 2002] and the constraints required by double crossing of the pPv phase boundary
in D" layer [Hernlund et al., 2005] restrict the heat flux from the core-mantle boundary; however, we have
employed the same physical parameters and viscosity profiles to be able to compare our results with previously
published axisymmetric spherical model results [Shahnas and Peltier, 2010].
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A present-day internal heating rate of 13TW
(which is close to the requirement of chondritic
meteorites; see Butler and Peltier [2002] for discus-
sion) which is uniformly distributed throughout
the mantle will be assumed for these models. At
the external boundaries of the convecting man-
tle, the radial mass flux is assumed to vanish and
free slip boundary conditions are imposed at
both the CMB and surface. The surface and CMB
are kept at constant temperatures 293°K and
4000°K, respectively. In the second and third
models, we will assume slopes of 3.0 MPa/K and
—3.0MPa/K, together with density contrasts of
200kg/m? and 440 kg/m? at the exothermic and
endothermic phase transition boundaries at
410km and 660km depths, respectively. Our
choices for the values of these phase transition
Figure 5. A close-up from a cut of model E111 displayinga  parameters are based on our primary goal in this

mantle avalanche and a stagnated plume at 660 km section which is to directly compare the results
endothermic phase transition depth. The cold isosurfaces for radial layering obtained using the three-

(blue) have temperatures in the range of 1400°K-1725°K, R . . . .
and the hot isosurface (yellow) has a temperature of 2025°K. dlmen5|on?| Yln-Yang grl.d-ba%ed mod.el with
those previously obtained in axisymmetric sphe-

rical geometry using exactly the same representa-
tions for all of the mineral physics parameters employed by Shahnas and Peltier [2010]. The phase transition
parameters for the postperovskite deep-mantle phase transition in the third model are 12.0 MPa/K and
80 kg/m? for the slope and density contrast, respectively. The model results are summarized in Table 4
where they are compared with their axisymmetric spherical counterparts [Shahnas and Peltier, 2010].
This intercomparison is extremely important as it demonstrates a remarkable consistency between the
CV-based 3-D model results and their axisymmetric spherical counterparts. The importance of this result
resides in the fact that axisymmetric shell model results have previously been employed as the basis for
analyses of planetary thermal history [e.g., Butler and Peltier, 2002].

Snapshots of temperature contours from the models E110 and E111 are shown in Figure 4. The hot upwelling
plumes and cold downwellings are respectively shown by yellow and blue solid colors. The position of
mantle “avalanches” in which cold material that has initially ponded in the mantle transition zone above
the 660 km discontinuity spontaneously breaks through this horizon can be seen by inspection of the blue
isosurfaces. In order to better display the downwelling patches and mantle avalanches that occur due to
the modulation of the mixing process by the action of the endothermic phase transition at 660 km depth
[Peltier and Solheim, 1992; Solheim and Peltier, 1993, 1994a, 1994b], we have suppressed the contours
representing the downwellings at a radius of 5700 km which is the radius of the base of the “transition
zone” which is defined by the presence of the endothermic spinel — perovskite + magnesiowdstite transition.
Cross sections superimposed on both the cold and hot isosurfaces provide an improved visualization of
the nature of the layered mantle convection process that is induced by the physical influence of this
endothermic phase transition. The first column of Figure 4 displays hot and cold isosurfaces and a cross
section of the E110 model with two phase transitions at 410 km and 660 km depths. The second column
of this figure displays the model E111 with three phase transitions including the deep-mantle Pv-pPv
exothermic phase transition. The cold and hot isosurfaces represent 1575°K and 1875°K temperatures in
the case of the E110 model and 1725°K and 2025°K in the case of the E111 model. In both models, as
can be verified on the basis of the white contours, the upwelling plumes become effectively stagnant at
the 660 km horizon. However, there are regions in which these upwelling plumes do penetrate into the
upper mantle. Similarly, although the downwelling cold mantle flow in the upper mantle stagnates at
the level of the endothermic phase transition over a broad region, there are other regions in which the
mantle flow does descend from the upper mantle into the lower mantle through the avalanche process.
A close-up of a cut from E111 is displayed in Figure 5, which clearly demonstrates an avalanche event
and plume stagnation at the 660 km phase transition boundary.
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i ( Model E111 is obviously warmer than
6000 |- (a)

: \ I ] the E110 model due to the presence of
' : the Pv-pPv deep-mantle phase transi-

N
5500 - I/ ]
_ 5 \ tion which can also be verified on the
E 5000 '1 . basis of Figure 6a. The difference in
o | '1 1 mean temperature between these
- ] - .
4s00r i £000 1 models is about 150°K. In both models
i .
4000 b ll oo Eane E E110 and E111, we observe very similar
: ] degrees of layering to that predicted by
3500 T — 3055 4300 the previously analyzed axisymmetric
T(K) models, as is evident on the basis of
T T T T T T T ] the time-averaged depth-dependent
6000 | (b) . radial mass flux as in Peltier and
f ] Solheim [1992], namely
5500 - ]
€ s000 A . 1 J‘ 1
3 L AN ]
= = | F(r,t)dt = — dtI V,|ds
z i \\ ] T J m(: ) Tsr ) S,p| l’l )
4500 r / ]
—— E000 i (25)
[ E110 /// 1
4000p  —ooo EM 7 ] where the time-dependent average
P T 1 mass flux is evaluated over the spherical
3500 = T TR IR P - P PR S
0 10 20 30 40 50 60 surface S, at radius r. From Figure 6b

in both models with and without the
Pv-pPv phase transition, we observe a

P00 ? ] mass flux reduction at the level of the
5500 - . 660 km endothermic phase transition.
— . Compared to model E110, the number
g 5000 |- 7 of instabilities at the surface of the
© 4500 | ] CMB and therefore the number of rising
A 1 plumes is larger in model E111 due to

4000 |- ] the presence of the deep-mantle Pv-

: : pPv solid-solid phase transition and

3500 bt L e the vigor of mantle mixing and the
V(cmlyr) mean mantle temperature is higher in

the latter model. As can be verified

Figure 6. (a) A plot of mantle geotherms, (b) averaged radial mass fluxes, X
9 b J J from Figure 6b, although the upper

and (c) mean radial velocities for the Earth models EO00 with no phase i
transition, E110 with two phase transitions at 410 km and 660 km depthsand ~ Mantle and the lower mantle in E110
E111 with three phase transitions at 410 km, 660 km, and 2700 km depths.  and E111 are not sharply differentiated

and there exists a finite degree of
mixing between these two regions of the mantle, there is nevertheless an approximately 15kg/m?>/yr
reduction in mass flux at the endothermic transition level at 660 km depth (compared to E000). The new
three-dimensional control volume results demonstrate that the episodically layered style of mantle
mixing also persists in models which include the deep-mantle Pv-pPv phase transition as predicted for
axisymmetric models [e.g., Shahnas and Peltier, 2010; Shahnas et al., 2011]. Figure 6c compares the
spherically averaged velocities for three models E000, E110, and E111. In the model with two phase
transitions (E110), the average velocity at the CMB is lower than that in the EO00 model; however, due
to the presence of Pv-pPv phase transition in model E111, the average velocity at the CMB is higher in
E111 than that in E000. The surface velocity for models EO00, E110, and E111 are respectively 7.1, 5.4,
and 6.6cm/yr. Compared to the model with no phase transitions, while the presence of the
endothermic phase transition at 660 km depth has reduced the surface velocity from 7.1 cm/yr to
5.4 cm/yr, the exothermic deep-mantle phase transition has to a large extent compensated for this
impact. It is worth noting that for these models, which incorporate no impact due to the action of
surface plates, the horizontal surface velocities are nevertheless in the range of those characteristic of
present-day plate motions.
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I T TTTT [T QT TTI
' ="l d | In a second sequence of Earth models, we

B J -1 present two examples. The first model of
B ~N 1 this sequence, denoted E111-S, is basically
6000 - ( =] the same as E111 except for the viscosity
profile. The viscosity profile employed in
[ —— —\\.S | E111-S is a modified version of VM3 in
[~ A : which a 70km thick low-viscosity layer
5500 j has been added to the radial profile in the
B ( | endothermic phase transition zone as
B | displayed in Figure 7, representing the
R\ 4 presence of transformational superplasti-
= \ - city at the depth of this phase transition
5000 \ = (VM3-S profile). The second model in
this sequence, denoted by E111-SPLSCC,
is similar to E111-S except that it also
B \ | includes the HS-LS spin crossover in iron
in the ferropericlase phase of mantle mate-
4500 - rial. The spin-dependent data for ferroperi-
clase used in this model are the same as
B —_ VM3 1 were employed in our previous work
| VM3-S ] ] [Shahnas et al, 2011] and were provided
4000 - .. .. ~ VM3-SPL | - by Wu et al. [2099]. In this model, a spin-
- \ - dependent density anomaly of the follow-
B ..—+1 1 ingform was employed:

5 r

R(km)

—
I

|
i 5 - Apspin = Aps + Ap, + Apy, (26)
3500 - | IIIIHI1 | L] . where
10 10 10
n(x10%° P.s)

Ap, = —phas(T —T,) (27)
and

Figure 7. VM3 viscosity profile is compared with the modified versions 1

of viscosity profiles VM3-S and VM3-SPL employed in E111-S (E111 with Apy=p { (m - K7) (p— Pr)}
superplasticity at 660 km depth) and E111-SPLSCC (the same as E111-S T s T

but with lower CMB temperature of 3600°K and the endothermic (28)
Clapeyron slope of —2.8 MPa/K which includes also the HS-LS iron spin  3re added to the right-hand side of the
transition at mid mantle pressures), respectively.

state equation (5). Aps, Aas, and AK; are
spin transition-induced pressure- and
temperature-dependent anomalies as referenced by Shahnas et al. [2011]. The bulk modulus anomaly is
the overall anomaly from ferropericlase and perovskite [Catalli et al., 2010]. The CMB temperature and
the endothermic Clapeyron slope for this model are assumed to be 3600°K [e.g., Boehler, 1992] and
—2.8 MPa/K, respectively (note that although this was the slope initially determined experimentally for
the spinel — perovskite + magnesiowustite transition, we are employing the number here to represent
the collective effect of all the phase transitions that occur near 660 km depth). The viscosity profile for
this model VM3-SPL is a modified version of VM3. In the further viscosity profile VM3-SPL, we have
simulated a 50 km lithosphere at the surface of the planet by increasing the viscosity by a factor of 10 in
this upper layer. As in model E111-S, a low-viscosity layer is employed to simulate the influence of
transformational superplasticity at the endothermic phase transition depth. Finally, the viscosity profile also
includes a low-viscosity layer representing the viscosity reduction in the D" layer at the bottom of mantle.
The viscosity profiles for these models are displayed in Figure 7 on which they are compared with the
original VM3 profile.

The geotherms, mass fluxes, and the spherically averaged velocities for these two models are compared with
the similar quantities of E111 in Figure 8. Compared to E111, the inclusion of a superplastic layer at 660 km
phase transition depth results in an approximately 40°-50°K decrease in midmantle temperature as well as
an 8 kg/m?/yr reduction in mass flux at 660 km depth in E111-S. This may be understood by virtue of the fact
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K I ] that the strength of the endothermic
s000r (a) ] phase transition barrier depends on
5500 L ] the lateral variation in temperature

_ and the fact that a low-viscosity layer
E s000 . at this depth enhances the lateral
& 1 variations in temperature and there-
4500 [ o ] fore the topography of the phase
4000 | M Sesce boundary. However, a higher-viscosity
reduction in this layer could finally
3500 650 ———e - 4‘;00 increase the exchange of mass across
660 km depth due to the development
em—E oL T of localized convective instabilities in

sooo | (D) T, 1 this region.
5500 L 1 It has been suggested that the iron spin
- ] transition in ferropericlase may have a
g 5000 |- ] significant impact on the style of mantle
x aso0 | o convection [Shahnas et al., 2011; Wu and
£111 ~ Wentzcovitch, 2014]. The spin transition
2000 F s Ei1.spLsCO ] in iron in the lower mantle minerals
- e T - may increase the radial velocities and
00— g advective heat transport [Bower et dl.,
MF (kg/m®/yr) 2009]. The impacts of spin-driven iron
N ‘ RS partitioning on the dynamics of mantle
6000 |- (C) . convection have also been studied
] [Vilella et al., 2014]. In this recent work,
8500 # ] the authors have found that the RMS
g sl ! —_ vertical velocities may increase by 15%
¥ | and 6% for Al-free and Al-bearing sys-
4500 |- N 1 tems, respectively. The transition occurs
N T Eins 1 at midmantle pressures (60 to 70 GPa),
a000 | \ T ESRLSCe 4 and the hot rising plumes and cold
3500 Lt \\; N ] downwelling slabs passing through
! 2 3 ‘{I(cm/yf) s 7 8 this transition zone do experience a

density change due to the iron spin
Figure 8. A plot of (a) mantle geotherms, (b) averaged radial mass fluxes,  crossover in mantle minerals [Wu et al.,
and (c) mean radial velocities for the Earth models E111, E111-S, and 2009; Shahnas et al., 2011]. This may

ETT1-SPLSCC. result in a partial stagnation (weak stag-

nation) slowing the mantle flow passing
through midmantle depths [Shahnas et al., 2011]. Snapshots of temperature contours and cross sections from
this model (E111-SPLSCC), which incorporates this recently experimentally discovered transition, are shown in
Figure 9 in 25 Myr intervals (from left to right). Compared to E111, due to the presence of a lithospheric layer
and a low-viscosity layer at the base of the mantle, in E111-SPLSCC, the mantle temperature is higher in this latter
model (~330°K). However, additional warming occurs below the midlower mantle horizon (~1600 km depth) due
to the combined impact of the additional iron spin transition in ferropericlase and viscosity reduction in the D"
layer (Figures 10 and 8a). This fact also can be seen in the cross sections from the E111-SPLSCC convection model
(Figure 9, bottom row). The inclusion of a low-viscosity zone in the base of the mantle enhances the heat fluxes
at the boundaries [e.g., Shahnas and Peltier, 2010]; however, the inclusion of a lithospheric layer of reduced
mobility at the surface of the planet reduces the transport of heat to the upper surface and also across the
CMB (in the statistically steady state).

Model results for the models E111-S and E111-SPLSCC are compared with the results of E111 in Table 5.
In this final model, the mass exchange across the depth of the 660 km phase transition has been further
decreased (Figure 8b). It has previously been shown that the iron spin crossover in mantle minerals could
also cause weak flow stagnation at the midmantle level [Shahnas et al., 2011] which is the direct
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E111-SPLSCC

Figure 10. A cross section of E111-SPLSCC model shown in the first
column of Figure 9, displaying the temperature gradient between
the upper and lower regions in the lower mantle.

Figure 9. The snapshots of E111-SPLSCC model 25 Myr apart (from left to right). The cold and hot isosurfaces (blue and yellow)
have temperatures of 2050°K and 2400°K. The bottom row display cross section of the temperature anomaly profiles.

consequence of the buoyancy variation in
the lower mantle region due to the action
of the spin crossover in iron.

Figure 11 displays the time series of the
temperature anomaly for a 2-D section
of the E111-SPLSCC model in 25Myr
intervals. Inspection of Figures 11a-11f
reveals that while the central plume rises
upward and is deflected at 660 km depth
by the impact of the endothermic phase
transition at this level, the plume at the
right of the image is deflected at the mid-
mantle level (1600-1800 km depth range
as indicated by grey circular lines) by the
impact of the spin transition-induced den-
sity anomalies at spin crossover depths.
The laminated plume (Figure 11e), after
crossing the spin transition region, is then
accelerated upward in shallower depths
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Table 5. Time-Averaged Mantle Mean Temperature and Surface Heat
Flux of the Models E111, E111-S, and E111-SPLSCC

Model T (K) HFsyrf (TW)
E111 1748 63.7
E111-S 1728 60.7
E111-SPLSCC 2093 50.1

(Figure 11f) before losing its identity
50 Myr later (Figure 11g). Similarly, the
mantle avalanche at the left of the
image in Figure 11e that is passing
through the 660 km depth phase tran-
sition boundary is deflected at the mid-
mantle level (Figures 11f and 11g). The
second avalanche through the 660 km

depth phase transition boundary (that at the right of the image) is also deflected by the impact of the spin
crossover at the midmantle horizon and remains for about 50 Myr between 1600 km and 1800 km depths.
The cold patch is then accelerated downward, a phenomenon that has previously been referred to as a
spin-induced midmantle avalanche (SIMMA) event [Shahnas et al, 2011]. These midmantle avalanches
are, however, rather uncommon and of modest strength. They are nevertheless detectable in the numerical

models. Figure 12 displays the time series of another section from

the most complex of our models. The

frames of this figure also reveal that the downwelling cold material initiated by an avalanche event at
the 660 km phase transition depth is stagnating at the midmantle level. The existence of such midmantle
heterogeneities (interpreted as slab remnants with low sinking rate) has been identified in several geographical

t

9

N

=175 Myr .

400

Figure 11. Time series of the temperature anomaly for a 2-D section of E111-SPLSCC model in 25 Myr intervals demonstrating

plume and downwelling stagnation at midmantle horizon and a SIMMA event.
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Figure 12. Time series of the temperature anomaly for a 2-D section of
E111-SPLSCC model in 25 Myr intervals demonstrating a downwelling
deflection and stagnation at spin crossover level with a lateral extent of
more than 1500 km.

regions [e.g., Van der Voo et al., 1999a, 1999b;
Li and Yuen, 2014] which have previously
been explained on the basis of rheological
considerations as dynamically produced
[e.g., Jarvis and Lowman, 2005; Shahnas and
Jarvis, 2007; Li and Yuen, 2014]. We suggest
that the existence of the spin crossover in
the lower mantle may provide an alternative
and more plausible interpretation of these
enigmatic lower mantle structures.

7. Discussion

The efficiency of heat transfer plays a crucial
role in the understanding of planetary ther-
mal history and has been the subject of
many previous analyses [e.g., Sharp and
Peltier, 1979; Solheim and Peltier, 1993; Sotin
and Labrosse, 1999; Butler and Peltier, 2002;
Shahnas et al.,, 2008]. The degree to which
mantle convection model results are able to
properly account for observed geological
processes directly depends on the accuracy
of the physical, chemical, and rheological
parameters of the mantle material employed
as model inputs. Our understanding of man-
tle material properties has drastically chan-
ged during the past decade due to the
availability of the experimental results for
mantle minerals under high-pressure and
high-temperature conditions. The experi-
mental discovery of Pv-pPv phase transition
in the deep mantle is one example of the
impact that high-pressure mineral physics
discoveries are having on our understand-
ing of deep-Earth structure. It has provided
an alternative interpretation of the seismic
heterogeneity in D" that does not involve
the compositional heterogeneity that was
most often previously assumed [e.g., Kellogg
et al, 1999; Li et al, 2014] or the existence
of partial melt in the vicinity of the CMB
[e.g., Lay et al., 2004].

In the upper mantle and most of the upper part of the lower mantle, the variations of shear and bulk
sound velocities (Vs and V., respectively) are well correlated; however, in the deepest lower mantle, they
are poorly correlated and most often are in fact anticorrelated [Su and Dziewonski, 1997; Masters et al.,
2000], an observation that is not comprehensible in terms of the temperature dependence of these elastic
properties alone. To a significant degree, the observed anticorrelation between V; and V,, in the D" region
can be explained by the Pv-pPv transition [Trampert et al., 2004; Wentzcovitch et al., 2006]. Further discussion
of the significance of the Pv-pPv transition to the understanding of the inferred properties of D" will be found

in Shahnas and Peltier [2010].

The significance of the discovery of the iron spin transition in ferropericlase, the second most abundant
mineral of the lower mantle, at midmantle pressures, is associated with the fact that it may provide a similarly

SHAHNAS AND PELTIER

PHASE AND SPIN TRANSITIONS IN MANTLE

5904



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2015JB012064

important noncompositional explanation for the observed decorrelation of V, and Vi that develops at
midlower mantle depths. Extensive work on the HS-LS spin crossover in iron in ferropericlase has revealed
that most of the properties of mantle material are affected by this deep-mantle phenomenon [e.g., Lin and
Tsuchiya, 2008; Wentzcovitch et al., 2009; Marquardt et al., 2009; Antonangeli et al., 2011; Wu et al., 2013; Wu
and Wentzcovitch, 2014]. Weak anticorrelation between the shear velocity (V) and bulk sound velocity (V)
has been observed at the shallower depths of the lower mantle [Masters et al., 2000; Ishii and Tromp, 2001].
Such anticorrelation between V and V,, has recently been predicted as a consequence of the spin crossover
in ferropericlase which occurs at midlower mantle depths [Wu and Wentzcovitch, 2014]. This decorrelation is
now commonly interpreted as requiring compositional stratification and has led to a continuing plethora
of models based upon the assumption that mantle mixing must be a consequence of thermochemical
convection. The work of Wu and Wentzcovitch, 2014 suggests that models of this kind may not be required
to explain the inferred decorrelation. Although chemical heterogeneity at some level must clearly exist in
the mantle [e.g., see Stixrude and Lithgow-Bertelloni, 2012, for a review], it is a highly significant issue as to
the extent to which such heterogeneity exerts significant control on the mantle general circulation. In this
paper, we have attempted to further describe the manner in which the spin transition may contribute in
an important way to the details of the mixing phenomenon.

We have also presented new CV-based results on the degree of layering of the convective circulation to
be expected in the solid mantle of the Earth. The results are based on the new 3-D control volume-based
spherical convection code with overlapping Yin-Yang grids which includes the influence of compressibility
in the anelastic approximation, solid-solid phase transitions, transformational superplasticity, the iron spin
transition, large variations of material properties, and nonlinear rheology. The test models described in
section 4 were employed to demonstrate the consistency between the results of this CV-based code with
previously published results for benchmark problems and the capability of this new CV-based software to
accurately account for the impacts of large variations in viscosity in both the radial and azimuthal directions.
We have obtained extremely good agreement between the new control volume-based results and previously
published benchmark results [Zhong et al., 2008; Yoshida and Kageyama, 2004; Ratcliff et al., 1996a; Iwase,
1996; Tabata and Suzuki, 2000; Kameyama et al., 2008; Tackley, 2008; Stemmer et al., 2006]. In further work,
we intend to explore the additional impacts due to the strong lateral variations of viscosity that are expected
to accompany the convective mixing process. The results presented in this paper will be employed to provide
a point of comparison with models from which this additional source of complexity has been eliminated.

The first sequence of the Earth models discussed in section 6 based upon the use of the VM3 radial viscosity
profile and complex variations of thermodynamic properties [Fei, 1995; Hofmeister, 1999; Schmeling et al.,
2003], which also include the influence of upper mantle exothermic and endothermic phase transitions as
well as the recently recognized deep-mantle exothermic phase transition [Murakami et al., 2004], were
analyzed using fully three-dimensional configurations. Our analyses based upon the application of the CV
formulation of the convection process demonstrated that the mean field characteristics of otherwise identical
models were extremely close to one another, the axisymmetric results being those from a previously published
analysis [Shahnas and Peltier, 2010]. Similar to their axisymmetric counterparts, the CV-based spherical models
demonstrate that, although the presence of the newly discovered deep-mantle Pv-pPv phase transition enhances
the vigor of circulation and the nature of the interaction between the upper and lower mantles and to some
extent impacts the degree of radial layering, the layered pattern of convection does persist even in the models
having higher Clapeyron slope for the Pv-pPv transition than that which appears to be constrained experimentally.
As demonstrated in our previously published axisymmetric models [e.g., Shahnas and Peltier, 2010], our control
volume spherical model results demonstrate that this new solid-solid phase transition could significantly impact
mantle dynamics and thus the cooling of the core and the thermal history of the planet. In the model E111-S with
transformational superplasticity (grain size related softening) at the endothermic phase transition at 660 km depth,
there is an enhancement in layering. Similar enhancement in layering is observed in the final model E111-SPLSCC
which further incorporates the impact of the iron spin transition in ferropericlase.

Based on the results of our final model (E111-SPLSCC), the subducted cold mantle material that eventually
descends through the endothermic horizon at 660 km depth is expected to stagnate at the midmantle
level (~1700 km). The spin crossover in the lower mantle may offer an alternative dynamical explanation
for a number of enigmatic lower mantle features and structures such as the thermal anomalies that have
been imaged tomographically below India and Tibet [Van der Voo et al, 1999b] in the framework of an
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isochemical convection model. The northernmost anomaly under India/Tibet at a relatively shallow depth
is approximately 141 Myr old [Besse and Courtillot, 1988] and is believed to be the remnant of a mature
subduction zone, having ingested some 4000 km of the Paleo-Tethys seafloor. The high P wave velocity anomalies
in the deep mantle under Siberia, around the Pacific, and under the Mediterranean-Himalaya-Indonesian belt are
also interpreted as the remnants of subducted slabs [Van der Voo et al., 1999a]. The heterogeneities detected in
the depth range of 930-1120 km under northern China and the Japan Sea located to the east of the hinge of
the stagnant Pacific slab may also be related to the remnants of the ancient subducted basaltic crust and the
Izanagi plate [Li and Yuen, 2014]. A similar anomaly is located to the west of Lake Baikal, a remnant of the
Mongol-Okhost subduction zone. Efforts have been made to explain these enigmatic midmantle thermal
anomalies by invoking the effects of viscosity stratification or local viscosity constraints as a possibility [e.g.,
Jarvis and Lowman, 2005; Shahnas and Jarvis, 2007; Li and Yuen, 2014]. However, the sinking rates of slabs
truncated by continental collision in some of these regions, in particular under India/Tibet, based on their
present configuration cannot be explained by a modest viscosity increase across the mantle and would require
a viscosity increase by three orders of magnitude [Shahnas and Jarvis, 2007]. An increase of viscosity in this
range of midmantle depths inferred on the basis of the analysis of glacial isostatic adjustment observations
[Peltier and Drummond, 2010] is modest and cannot account for these interpreted sinking rates. The spin
transition-induced stagnation of mantle flow above the midmantle horizon may offer an alternative explanation
of the time delay required to explain this observation in terms of a fossil slab without the necessity of appealing to
an extremely sharp increase of viscosity at midmantle depth.

Probably the most important of the new results reported in this paper, however, are those describing the
impact in a high-resolution three-dimensional model of the iron spin transition. As discussed in detail in
the recent paper by Wu and Wentzcovitch [2014], there is good reason to believe that the seismological
evidence previously invoked to suggest the presence in the lower half of the lower mantle of chemical
heterogeneity may in fact be due to the isochemical spin transition in iron. In our view, this is an extremely
important result of the high-pressure ab initio calculation of the impact of the spin transition on mantle
elastic properties that these authors have performed. Although the existence of chemical heterogeneity
within the mantle would appear to be inevitable at some level, it may not be sufficient to be exerting first-order
control on the circulation. Our analysis of the impact of the spin transition on isochemical mixing has furthermore
demonstrated that when this transition is combined with the upper mantle phase transitions, the layering of the
circulation is further enhanced, implying that even with the reduced value of the Clapeyron slope of the
endothermic transition preferred on the basis of the most recent high-pressure experiments, highly significant
layering of the flow at 660 km depth is to be expected, as is implied by high-resolution subduction zone
tomographic analyses.

Appendix A

In spherical polar coordinates, the three components of the momentum equation are simply given by
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in which the components of the stress tensor are
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