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a b s t r a c t

The D′′ region at the base of the mantle is characterized by seismologically inferred 3D heterogeneity,
including multiple interfaces, localized low velocity zones, and anisotropy. The occurrence of the post-
perovskite (PPV) phase transition with a steep Clapeyron slope of 11.5–13 MPa/K, close to the core–mantle
boundary, is a prime candidate for explaining observed seismic layering in the D′′. To examine the effect
of the PPV phase transition on seismic structure we have carried out finite-element simulations with
high-resolution (up to 3 km) in a cylindrical geometry. The rheology of the mantle has both Newtonian
diffusion and non-Newtonian components, with a much greater propensity to non-Newtonian for PPV.
From the temperature output we computed the 2D variations in shear wavespeed using a seismic equation
of state based on mineral physics data. We then use a wave-packet decomposition of the wavespeed
. Helffrich

eywords:
antle convection

ost-perovskite
eismic imaging
eterogeneity

variations, which accounts for the events-to-stations illumination to obtain the seismic expressions of
the geodynamically modeled structures. The results reveal lens-shaped PPV structures, much like the
patterns obtained from seismic imaging with ScS data. A similar analysis of thermo-chemical anomalies
from a subducting slab with crustal material shows that structures with a spatial scale of MORB crustal
thickness produce characteristic features reminiscent of the small scale detail in the seismic imaging
results. These experiments illustrate the high sensitivity of the seismic expression near the CMB to the

f the
wavespeed coefficients o

. Introduction

The discovery of the post-perovskite (PPV) phase near the CMB
Murakami et al., 2004; Oganov and Ono, 2004; Shim et al., 2004)
as stirred a vigorous debate on the origin of seismologically
bserved complexity in the so-called D′′ layer and on the effect of
his transition on mantle dynamics. Closely related issues include
he relative effects of temperature and chemistry on the depth
o and (seismic) visibility of the phase transition and the distor-

ion of the phase boundary by thermal convection. We address
his through a combined geodynamical and seismological study.
revious geodynamical modeling of heterogeneity in the D′′ layer
onsidered relatively long wavelength solutions, with horizontal

∗ Corresponding author at: Earth Sciences Department, Theoretical Geophysics,
udapestlaan 4, 3584 CD Utrecht, The Netherlands. Tel.: +31 30 253 5072.

E-mail address: berg@geo.uu.nl (A.P. van den Berg).

031-9201/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.pepi.2010.02.008
oceanic crust under high pressure conditions.
© 2010 Elsevier B.V. All rights reserved.

wavelengths greater than 60 km (Nakagawa and Tackley, 2006).
In our thermo-chemical convection models, which include the
major phase transitions, the smallest length scale considered is
5 km. Moreover, to account for a realistic setting, we include the
(chemical heterogeneity) effect of the presence of subducted MORB
(mid ocean ridge basalt) in the D′′ region. We then explore the
seismic expression and detectability of these thermo-chemical het-
erogeneities with a (multiscale) wave-packet analysis.

Recent high resolution seismic imaging of the D′′ layer reveals
large scale lens-shaped structures (> 2000 km wide and> 100 km
height) which have been interpreted as post-perovskite domains
(van der Hilst et al., 2007). Besides clear top and bottom boundaries
representative of a double crossing configuration of the mineral

phase distribution (Hernlund et al., 2005) these seismic images also
reveal small scale structures, both in the PPV lenses and in the per-
ovskite background mantle. Such small scale structure would be in
agreement with the observation of precursors to PKIKP or PKP (seis-
mic waves that pass through Earth’s core) produced by scattering

http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:berg@geo.uu.nl
dx.doi.org/10.1016/j.pepi.2010.02.008
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Fig. 1. Schematic diagram of the 90◦cross-section of the cylindrical domain indi-
cating the physical parameterizations used, including pressure (depth)-dependent
thermal expansivity, uniform thermal conductivity and non-linear (with power-
A.P. van den Berg et al. / Physics of the Ear

rom structure in the lowermost mantle (Cleary and Haddon, 1972;
edlin et al., 1997). The global variation in seismic array detections
f such scattering (Van den Berg et al., 1978; Hedlin and Shearer,
000) could point to a non-uniform melange of mantle material
nd MORB (Ohta et al., 2008; Xu et al., 2008; Konishi et al., 2009)
roduced by the deep subduction of oceanic lithosphere through
eological time.

We model the interaction of subducting lithospheric slabs with
he D′′ region (in presence of the PPV transition and oceanic crust)
nd focus on the self-consistent generation of post-perovskite lens-
haped structures and their interaction with small scale lineament
erturbations that represent subducted oceanic basalt. Since the
lapeyron slope of the PPV transition is still debated, we inves-
igate the effect of the PPV phase transition on the distribution of

ineral phases and the variations in seismic wavespeed and reflec-
ivity both for a slope of 6 MPa/K (Catalli et al., 2009) and a slope of
1.5 MPa/K (Hirose and Sinmyo, 2006). In the presence of thermal
nomalies of a few hundred K, the largest Clapeyron slope con-
idered (11.5 MPa/K) implies rugged topography. To capture this
omplexity as well as the (fine scale) distribution of MORB the
odal point resolution of the model for computational modeling

s about 3 km (10 km) in the vertical (horizontal) direction, which
s slightly less than the spatial resolution from ScS (and SKKS) scat-
ering (Wang et al., 2006, 2008). The rheology of the PPV phase is
ot yet well known, but there are indications that there is a greater
ropensity for non-linear dislocation creep in PPV (Oganov et al.,
005), which may result in a weakening by about an order of mag-
itude (Hunt et al., 2009). Our models are, therefore, based on a
omposite rheology by including both Newtonian diffusion creep
nd Non-Newtonian dislocation creep.

From the mineralogy and phase chemistry predicted by the
onvection model we calculate the spatial variation of seismic
avespeed and reflectivity in order to understand better how D′′

ould appear in seismic images and how sensitive these images
re to changes in model parameter (such as the value of the
lapeyron slope) and the presence or absence of ancient crust mate-
ial (MORB). This involves the decomposition of the thermal- and
hermo-chemical structures into multiscale filters, or wave packets
Andersson et al., 2008; de Hoop et al., 2009; Duchkov et al., 2010).
he results shown here reveal long wavelength structure that share
haracteristics with preliminary results of inverse scattering of ScS
nd SKKS data (Shang et al., 2009) and may inspire (and help the
nterpretation of) future large scale imaging efforts.

. Convection modeling and seismic analysis

.1. Description of the cartesian numerical model with curved
oundary

Our model calculations are conducted for a 2D cylindrical
omain in order to capture the effects arising from the curvature
f the CMB region. The layout of the domain and physical parame-
erization is illustrated in Fig. 1.

The governing equations of the numerical model express
onservation of mass, momentum and energy in the extended
oussinesq formulation. Symbols are explained in Table 1. The
quations, written in cartesian coordinates, are:

juj = 0 (1)( )

∂i�P + ∂j�ij = Ra ˛T −

∑
p

Rbp
Ra
�p g(r)eir (2)

ij = �(T, P, �,�p)
(
∂jui + ∂iuj

)
(3)
law index n) rheology, depending on stress, temperature, pressure and the mineral
phase. The two major phase transitions included in the model are the spinel-post-
spinel (perovskite + magnesiowuestite) at 670 km depth and the transition from
perovskite to post-perovskite near the core–mantle boundary (CMB).

DT

Dt
= ∂j∂jT + ˛Diw(T + T0) +

∑
p

�p
Rbp
Ra
Di
D�p
Dt

(T + T0)

+ Di

Ra
	+ RH(t) (4)

The continuity equation (1) describes mass conservation of an
incompressible fluid. The conservation of momentum is expressed
in the Stokes equation (2) based on the infinite Prandtl number
assumption, where g(r) denotes the non-dimensional magnitude
of the gravity acceleration and eir, i = 1,2 are the direction cosines
of the radial gravity acceleration vector. The constitutive equation
(3) defines the non-linear temperature- and pressure-dependent
viscous rheology which also depends on stress and mineral phase
distribution as specified below. Energy transport is governed by
(4), where the right-hand side terms are for thermal diffusion, adi-
abatic heating, latent heat of phase transitions, viscous dissipation
and internal heating from radioactive elements, respectively.

Multiple phase transitions are implemented by using an
extended Boussinesq formulation through the phase functions
�p(P, T), which parameterize the Clapeyron curves in the phase
diagram. This is expressed in the equation of state describing the
phase transition (Christensen and Yuen, 1985),


 = 
0

(
1 − ˛(T − Tsurf ) +

∑
p

�p
ı
p

0

)
(5)

As in Eqs. (2)–(4) index p in (5) runs over the three mineral phases
included in the mantle model, representing (1) a phase for upper
mantle olivine–spinel, (2) perovskite (PV) for most of the lower
mantle and (3) post-perovskite (PPV) occurring in the bottom
regions of the lower mantle. The parameterization of the phase
boundaries is given in Tables 1 and 3.

For the numerical solution we apply finite-element methods to
the coupled Stokes and energy equations. The incompressibility
constraint (1) is taken into account through the use of a penalty

function formulation for the Stokes equation, with penalty param-
eter � = 10−9 (Cuvelier et al., 1986). For the Stokes equation we
use quadratic (6-point) isoparametric elements, which allow an
exact representation of the circular boundary of the computational
domain (with a continuous normal vector). Fourfold subdivision
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Table 1
Table of symbols of physical parameters.

Symbol Definition Value Unit

h Depth of the mantle model 2900 km
z Depth coordinate aligned with gravity – –
P Thermodynamic pressure – –
�P = P − 
0gz Dynamic pressure – –
T Temperature – –
Tsurf Surface temperature 273 K

T0 = Tsurf /�T 0.07 –
�T Temperature scale 3727 K
ui Velocity field component – –
eij = ∂jui + ∂iuj Strain rate tensor – –

e = [1/2eijeij]
1/2 Second invariant of strain rate – –

w Vertical velocity aligned with gravity – –
�0 Viscosity scale value 1023 Pa s
�ij = �eij Viscous stress tensor – –

	 = �e2 Viscous dissipation function –

˛(z) = �˛

[c(1−z)+1]3
Depth-dependent thermal expansivity –

�˛ = ˛(1) Expansivity contrast across the layer 0.2 –

c =�˛1/3 − 1 – –
˛0 Thermal expansivity scale value 2 × 10−5 K−1


 Density – –

0 Density scale value 4500 kg m−3

cp Specific heat 1250 J K−1 kg−1

k0 Uniform conductivity 4.7 W m−1 K−1

g Gravitational acceleration 9.8 m s−2

Ra = 
0˛0g�Th
3

�0�0
Thermal Rayleigh number – –

Rbp = ı
pgh3

�0�0
Rayleigh number pth phase transition – –

ı
p Density increment pth phase transition – kg m−3

�p = 1
2

(
1 + sin

(
(z−zp)
ızp

))
�p Volume fraction of mineral phase number p – –

zp = (P(p)
r + �p(T − T (p)

r ))/(
0g) Depth pth phase transition – –
�p Clapeyron slope pth phase transition – –
ızp Half width of the pth phase transition 25 km
Di = ˛0gh Surface dissipation number 0.45 –

o
e
q

a
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b
c
(
o
a
S
n
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i
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w
T
4
d
o

cp

R = H0h
2

cp�0�T
internal heating number

H0 density internal heating

f the Stokes elements is applied to obtain linear elements for the
nergy equation, providing improved numerical stability over the
uadratic temperature elements (van den Berg et al., 1993).

We solve the equations written in cartesian coordinates. This
llows the use of general purpose computer software, not spe-
ific for the particular boundary configuration of the domain. The
echanical boundary conditions of impermeable and free-slip

oundaries for the Stokes equation (2) are implemented in the
artesian coordinate system using so-called local transformations
Cuvelier et al., 1986), which specify the cartesian decomposition
f the normal and tangential vector components of the bound-
ry conditions. We use a total of 8 × 104 nodal points and 4 × 104

tokes elements. Grid refinement is used in the radial direction with
odal point separation decreasing from about 30 to 3 km in the
ottom 600 km of the mantle including the D′′ region of interest
ith the post-perovskite transition, where the highest resolution

s imposed. The resolution of the lateral nodal points is about 10 km
n the bottom of the mantle.

We use an extended Boussinesq model and include both the
pinel → perovskite transition near 660 km depth and the pv → ppv
ransition using parameters derived after Hirose and Sinmyo (2006)

ith a Clapeyron slope � of 11.5 MPa/K and a CMB intercept
int = 3550 K, lower than the core temperature which is fixed at
000 K. The Clapeyron slope of the PPV phase transition is still
ebated (Catalli et al., 2009) and in order to investigate the impact
f this parameter on our modeling results we consider model cases,
10.8 –

5 × 10−12 W kg−1

labeled A and B in Table 3, with significantly different values of � .
The phase transitions are parameterized by phase parameter func-
tions (Christensen and Yuen, 1985) 0 ≤ �i ≤ 1 and corresponding
volume fractions �i of the mineral phases involved.

The phase dependence of the composite rheological model is
implemented in the viscosity prefactors of the two creep com-
ponents, which also have an exponential dependence on the
hydrostatic pressure and the temperature. We have employed
Voigt averaging of the volume fraction weighted single phase to
the calculation of the inverse viscosity in the following way,

�−1 =
3∑
p=1

�p�
−1
p

=
3∑
p=1

�p

2∑
i=1

[
Bip exp (ln(��P)z − ln(��T )T) �1−ni

]−1
(6)

where � is the second invariant of the shear stress tensor. Viscosity
contrasts due to temperature,��T and pressure��P where set at
100 and 10, respectively. The value of the power-law index ni is

set to 1 for the Newtonian (i = 1), and 3 for the non-Newtonian
dislocation creep components (i = 2), respectively. The relative
contribution of dislocation creep is controlled by the transition
stress which depends on the prefactor ratio’s B2p/B1p, which are
set to a low value for the post-perovskite phase to simulate the
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Table 2
Phase-dependent prefactor values in (6), for models A and B. B1p and B2p correspond
to Newtonian and non-Newtonian creep components, respectively.

Mineral phase p B1p model A, B B2p model A B2p model B
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events–stations configuration. In de Hoop et al. (2009) the set of

F
o
l

Ol./spinel 1 106 106

Perovskite 1 106 106

Post-perovskite 1 101 106

reater propensity for non-linear dislocation creep in the latter
hase (Oganov et al., 2005; Hunt et al., 2009). Viscosity prefac-
or values in (6) are given in Table 2. Two contrasting rheological

odel cases, labeled A and B in Table 2, are considered to inves-
igate the impact of increased non-Newtonian creep deformation
n the model results. Case A, characterized by a relatively low vis-
osity prefactor for the PPV phase B23, has a larger propensity for
on-linear flow than model case B which has a uniformly high value
2p for all phases.

.2. Decomposition into wave packets

We calculate the seismic shear wavespeed from the distribu-
ion of temperature, pressure, and mineral phase composition that
s produced by the convection simulations. The model used in these
alculations is based on a bi-linear P, T fit for PV and PPV derived
rom mineral physics data of Jacobs and de Jong (2007), for the
iO2,MgO system. The seismic expression associated with the shear
avespeed models is obtained using a decomposition into wave
ackets. Such a decomposition is invoked to account for realis-
ic seismic illumination, and is justified in the single scattering
pproximation (de Hoop et al., 2009).

The wave packets used here form a frame and belong to the
lass of “curvelets”. Wave packets are related to filters; we will
ntroduce them in the Fourier domain. Let u∈ L2(Rm) represent

wavespeed field. We consider the Fourier transform, û(�) =
u(x) exp[−2i〈x, �〉] dx. LetBk denote overlapping boxes covering

he positive �1- axis (�′ = �1):

k =
[
�′
k − L′

k

2
, �′
k + L′

k

2

]
×
[
− L

′′
k

2
,
L

′′
k

2

]m−1

,

here the centers �′
k
, as well as the side lengths L′

k
and L

′′
k
, satisfy

he parabolic scaling condition

′
k∼2k, L′k∼2k, L

′′
k∼2k/2, as k→ ∞.

ig. 2. Illustration of the multiscale wave-packet frame used to decompose the wavespeed
rientations illuminated from the surface are marked with dots. Left – one wave packet
ocalized plain waves in the image domain.
Planetary Interiors 180 (2010) 244–257 247

Next, for each k ≥ 1, let � vary over a set of approximately 2k(m−1)/2

uniformly distributed unit vectors. (We adhere to the convention
that �(0) = e1 aligns with the �1-axis.) Let ��,k denote a rotation
matrix which maps � to e1, and B�,k =�−1

�,k
Bk. An illustration of

an elementary wave packet and layout of the spectral domain is
given in Fig. 2. Fig. 2 (right) indicates how the B�,k’s (m = 2) are
distributed.

In the frame construction, we have two sequences of smooth
functions, �̂�,k and ˆ̌

�,k, on Rm, each supported in B�,k, so that

�̂0(�) ˆ̌ 0(�) +
∑
k≥1

∑
�

�̂�,k(�) ˆ̌
�,k(�) = 1 (7)

We then form

 ̂�,k(�) = 
−1/2
k

ˆ̌
�,k(�), ϕ̂�,k(�) = 
−1/2

k
�̂�,k(�) (8)

with 
k the volume of Bk. To obtain a frame, one introduces the
integer lattice: Xj:=(j1, . . . , jm), the dilation matrix

Dk = 1
2

(
L′
k

01×m−1

0n−1×1 L
′′
k
Im−1

)
, detDk = (2)−m
k,

and points xj =�−1
�,k
D−1
k
Xj , which change with (�, k). The frame

elements (k ≥ 1) are then defined in the Fourier domain as

ϕ̂� (�) = ϕ̂�,k(�) exp[−i〈xj, �〉], � = (xj, �, k) (9)

and similarly for  ̂� (�). In Fig. 2 (left), in grey scale, we show an
example of an oriented wave packet, ϕ�,k(x) (the orientation of �
is indicated by red arrows) (for interpretation of the references to
color in this sentence, the reader is referred to the web version
of the article). We obtain the transform pair v� = (Cv)� , with v� =∫

v(x) � (x) dx, and C−1{v� } =
∑

�v�ϕ� . We observe that C−1C = I
on L2(Rn), and that CC−1 ≡� is a (not necessarily orthogonal) pro-
jection operator of �2

� onto the range of the analysis operator C. As
a matrix on �2

� ,

�� ′� = 〈 � ′ , ϕ� 〉 (10)

In Fig. 2 (right), we label with red dots which (�, k) are illuminated
at a particular point xj in D′′ below Central America by a typical
illuminated (xj, �, k) is indicated by �0. The wavenumbers describ-
ing the spatial resolution in the vicinity of xj are identified as 2k�.
These wave numbers are determined by ray tracing and connected
to events and stations in accordance with the generalized Radon

model. Right – tiling of the spectral domain showing orientations of wave packets;
(corresponds to one box in the right panel) showing that frame functions look like
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ig. 3. Full domain snapshots for two integration times of: (left) temperature in Ke
he convective flow model illustrates the potential deformation of a section of MOR

ransform. The underlying assumption is that we can reconstruct a
ertain set of “curvelet” coefficients of the relevant scattered phases
rom the data. Figs. 10 and 11 are obtained by applying C−1��0 C
o the outcome of the simulations. We denote by 1�0 the multipli-
ation operator (diagonal) on �2

� that truncates a sequence to �0.
hen ��0 =�1�0 is an approximate projection into the range of
, with rapidly decreasing coefficients away from �0.

. Results

In this section we first present results of convection modeling,
ith a focus on the complex phase distribution and associated
aterial parameters near the bottom of the mantle. Next we

onsider the complex distribution of the mineral phase and (pyro-
ite versus MORB) composition produced by the interaction of
ubducted slab with the D′′ layer. Finally, we describe (through
ave-packet analysis) how this complex D′′ heterogeneity would

ppear in seismic images.

.1. Results of convection modeling

Indicative of the transient nature of the processes that we
nvestigated, Fig. 3 shows for model case A (Table 2 and 3) two
epresentative snapshots of temperature and mineral phase dis-
ribution at different model times. The temperature fields are

haracterized by narrow cold downwellings, similar to cold slabs
ubducting into the mantle. A marker line of Nt = 1000 monitor
racers, indicated by black symbols, is emplaced at model time
ero in a region of a subducting slab, as an approximation of a
hin (MORB) crustal layer. The markers are passive tracer parti-
d (right) mineral phase distribution. A chain of 1000 passive markers injected into
t subducting into the slab graveyard of the D

′′
region.

cles, advected by the convective flow. The tracer trajectories xj(t)
are computed by applying a fourth-order Runge-Kutta integration
scheme to the defining system of ODE’s dxj/dt = vj , j = 1, . . . , Nt ,
where vj is the local flow velocity vector corresponding to the finite-
element solution of the Stokes equation (2). The deformation of this
simulated crustal layer is clearly illustrated during subduction in
the mantle by the convoluted folded structure in the D′′ region at a
later time.

Hot plumes rising from the core–mantle boundary create strong
lateral variation in temperature in the deep mantle. The plots of the
mineral phase distribution present upper mantle material shown in
blue and lower mantle perovskite in green. The red irregular lens-
like structures near the core–mantle boundary represent domains
in the post-perovskite (PPV) phase. The perovskite gaps between
the PPV lenses coincide with the position of hot plumes rising from
the CMB.

In order to investigate in greater detail the impact of the PPV
phase transition and strong lateral variations in temperature on
the structure of the D′′ region, we zoom in to the bottom 600 km
of the mantle in a cartesian projection (Fig. 4). The temperature
field (Fig. 4a) shows a cold downwelling at a lateral coordinate
x = 4400 km, spreading laterally and suppressing locally the bot-
tom thermal boundary layer. Near x = 3300 km a hot plume is bend
sharply by interacting cold material and another vertical plume is
visible near x = 500 km. A growing thermal instability in the ther-

mal boundary layer is visible near x = 5000 km.

The mineral phase distribution (Fig. 4b) is closely correlated
with the temperature field. The thickness of the PPV lens-shaped
domains is largest in the cold areas and the gaps between these PPV
domains coincide with hot plumes. A thin perovskite layer of vari-
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Table 3
Parameter values used for the two phase transitions included in the mantle model. Two model cases labeled A and B with contrasting Clapeyron slope of the PV to PPV
transition are included. The reference pressure for the post-perovskite transition is set to the model lithostatic CMB pressure Pr = 
0gh. The other parameter values, including
Tr , and Clapeyron slope for case A are taken from Hirose and Sinmyo, 2006. Tr corresponds to the CMB intercept temperature.

Phase transition Pr [GPa] model A, B Tr [K] model A, B � [MPa/K] model A � [MPa/K] model B ı
/
0 [%] model A, B

Spinel → PV 25 2000 -2 -2 8
PV → PPV 127.9 3550 11.5 6 1.5

Fig. 4. Zoomed-in snapshots for model case A, showing a cartesian projection of the bottom 600 km of the full curved boundary of the domain, taken from the last (bottom)
convection snapshot shown Fig. 3. The horizontal axis shows the curved distance along the CMB, in clockwise direction in multiples of 1000 km. (a) Temperature scale is in
Kelvin, (c) and (d) viscosity and viscosity component ratio are shown on a (10 based) logarithmic scale and (e) seismic wavespeed is scaled in km/s. Vertical black lines show
the location of radial profiles plotted in Fig. 5. The lines from left to right are at angular coordinates (counter clock) 34.5◦ , 17.5◦ and 5◦ , respectively.
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Table 4
A bi-linear parameterization in terms of pressure and temperature has been applied for the shear velocity for MORB- and pyrolitic (background) material composition for both
the perovskite and post-perovskite phases. The pyrolite coefficients are derived from a model for Mg-silicate mantle of Jacobs and de Jong (2007). The MORB parameters are
derived from the pyrolite data by applying a 2% increase with respect to the PV-pyrolite data Xu et al., 2008. Two contrasting parameterizations for the MORB-post-perovskite
velocity are considered listed as PPV-MORB1 and PPV-MORB2 in the table below. For the model labeled PPV-MORB1 a 1.5% decrease from MORB-PV to MORB-PPV Ohta et
al., 2008 is implemented. For model PPV-MORB2 the pressure derivative of the shear velocity is defined to have the same ratio (dv/dP)PPV /(dv/dP)PV = 1.632 as for pyrolite.

Pr [GPa] Tr [K] vr [km/s] dv/dP [km/s/GPa] dv/dT [km/s/K]

PV-pyro 110 2600 7.303 6.360 × 10−3 −1.275 × 10−4

PPV-pyro 125 2600 7.489 10.038 × 10−3 −1.460 × 10−4

7
7
7

a
c
C

g
(
C
i
K
h
o
p
e
t
v

(
v
c
i
n
i
d
t
o

w
P
a
u
s
m
r
s
d

s
a
t
w
t
c
i
t
i
t
p
(
S
e
t
o
i

PV-MORB 110 2600
PPV-MORB1 110 2600
PPV-MORB2 110 2600

ble thickness is underlying the PPV domains related to the double
rossing of the geotherm with the PPV phase boundary close to the
MB (Hernlund et al., 2005).

There are physical arguments for post-perovskite having a
reater propensity to non-linear dislocation creep than perovskite
Oganov et al., 2005; Čadek and Fleitout, 2006; Hunt et al., 2009;
ˇ ížková et al., this issue), and this may also explain the observed
ncreased seismic anisotropy in the D′′ region (Yamazaki and
arato, 2007; McNamara et al., 2001a,b; Wang and Wen, 2007). We
ave investigated the spatial variation in the relative contributions
f dislocation and diffusion creep using a phase-dependent com-
osite viscosity model including both mechanisms (van den Berg
t al., 1993; van den Berg and Yuen, 1998). The parameterization of
he composite viscosity model is described in Eq. (6) and parameter
alues are defined in Table 2.

The logarithmic non-dimensional viscosity is shown in frame
c) where the PPV domains are generally characterized by their low
iscosity and minimum viscosity values are shown as red-orange
olored regions of concentrated strain rate where dislocation creep
s most significant. The logarithmic ratio of the viscosity compo-
ents related to dislocation creep and diffusion creep, log(�2/�1)

s shown in Fig. 4d. Negative values of this log ratio in the PPV
omains indicate that the prevailing deformation mechanism in
hese regions is dislocation creep with a stronger predominance in
range colored regions, signifying high strain rates.

Panel (e) shows the corresponding spatial variations in shear
avespeed (for parameterization coefficients given in Table 4). The

PV domains are marked by higher wavespeeds and the bound-
ries between regions occupied by different mineral phases show
p clearly. The bottom boundary between the PPV → PV regions
eems more pronounced due to the presence of the strong ther-
al gradient near the CMB. Mapping of these boundaries by high

esolution seismological imaging methods offers a challenging per-
pective for mapping out detailed P, T conditions close to a major
iscontinuity in the Earth’s interior (van der Hilst et al., 2007).

Three locations of radial bottom profiles of the model results are
hown as vertical black lines in Fig. 4. Corresponding field values
re shown in Fig. 5. Frame (a) shows the radial temperature profiles
ogether with the Clapeyron phase boundary of the PPV transition
ith an CMB intercept temperature at 3550 K, 450 K below the core

emperature of 4000 K. The labels refer to counter-clock angular
oordinates of the profile lines shown in Fig. 4. The blue profile
ntersects the cold slab. The red profile lies in the hot gap between
wo PPV lenses and the green curve intersect an area where a grow-
ng boundary layer instability is shifting the second phase crossing
o greater height above the CMB. Frame (b) shows corresponding
rofiles for the mineral phase distribution that varies between 2
perovskite) and 3 (post-perovskite) in the depth range shown.

eismic (shear) wavespeed profiles are shown in frame (c). Lat-
ral variations up to 4% exist between the hot perovskite gaps and
he core of the cold PPV lenses. We can see the steeper gradient
f the wavespeed profiles at the second phase boundary cross-
ng, which is related to the steep temperature gradients in the
.449 6.487 × 10−3 −1.300 × 10−4

.337 6.390 × 10−3 −1.281 × 10−4

.337 10.588 × 10−3 −1.281 × 10−4

bottom thermal boundary layer indicated in frame (a). The com-
posite viscosity presented in frame (d) shows a viscosity reduction
in the PPV phase of about an order of magnitude, as a result of
the greater propensity for dislocation creep in PPV. This is in agree-
ment with the corresponding low values of the viscosity component
ratio �2/�1 shown in frame (e). The second invariant of strain rate
is shown in frame (f) indicating increased strain rates in the PPV
occupied regions. High values of strain rate are also concentrated
in the Newtonian PV gaps which are under compression from the
PPV lenses.

The thickness of the bottom layer of PPV depends strongly on
the Clapeyron slope �PPV of the post-perovskite phase transition,
which is still debated. Values of �PPV in the range 6 MPa/K (Catalli
et al., 2009) to 11.5 MPa/K (Ohta et al., 2008) have been reported.
In order to investigate the sensitivity of our results for the value of
the Clapeyron slope we have investigated a contrasting model case
B with �PPV = 6 MPa/K, specified in Table 3.

In our model the rheology of the bottom D′′ zone is determined
by a strong power-law creep component in the lens-shaped PPV
regions, resulting from the decrease of the effective composite vis-
cosity by about one order of magnitude. To investigate the impact
of the power-law creep component on the results we have modi-
fied the rheological parameters for the PPV phase for model case B
by increasing the corresponding viscosity prefactor with respect to
model case A. Parameter values are given in Table 2.

We performed a model calculation with the parameters of
model case B, starting from the same initial condition as for model
case A. Fig. 6(a) shows a similar configuration of hot plumes and
cold downwellings for model case B as in 4 for model case A. The
thickness of the PPV lenses in Fig. 6(b) is about 100 km less than for
model case A, as a result of the smaller Clapeyron slope, showing
that �PPV is a sensitive parameter for deep mantle layering.

The non-dimensional composite viscosity displayed in Fig. 6(c)
differs strongly from the results for model case A, shown in Fig. 4.
Where in case A the viscosity in PPV occupied regions is usually
smaller than in the PV background mantle, this is not observed
in the results of model B that show a much stronger correla-
tion between viscosity and temperature with pronounced viscosity
minima in the regions occupied by the hot plumes. This is in agree-
ment with the weak contribution of power-law creep in the B case
indicated in the increased logarithmic ratio of the viscosity compo-
nents �2/�1 in frame (c).

Radial profiles for model case B are given in Fig. 7 for the same
fields as shown in 5 for model case A. The significantly thinner PPV
layer is clearly indicated here by the intersection of the temperature
profiles and the Clapeyron curve in frame (a) and corresponding
distribution of the mineral phase in frame (b). The wavespeed gra-
dient near the top of the right hand PPV lens in Fig. 6 is more

pronounced than in case A, related to a temperature inversion in the
cold downwelling shown in Fig. 7(a). The low viscosity regions coin-
ciding with PPV occupied zone in the profiles of Fig. 5 are absent in
the profiles of Fig. 7(d). This is consistent with the high values of the
viscosity component ratio showing the near absence of power-law
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Fig. 5. Radial profiles for model case A, showing the bottom 600 km of the domain at the locations indicated by the vertical black lines in Fig. 4. The black diagonal in frame
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a) corresponds to the Clapeyron curve of the PPV transition for pyrolitic compositi
etween 2 (perovskite) and 3 (post-perovskite) in the depth range shown. Radial pro
iscosity. (e) Shows the ratio of the viscosity components of non-linear dislocation

reep that is also confirmed by comparing the strain rate profiles
or both model cases in frame (f).

.2. Subduction of oceanic crust (MORB)

Precursors to the seismic core phases PKIKP (Cleary and Haddon,
972; Hedlin et al., 1997) as well as inverse scattering of core-
eflected ScS waves (van der Hilst et al., 2007) suggest the
resence of small scale heterogeneity (of the order of 10 km) in
he lowermost mantle. The observed global variation in seismic
ave scattering from the lowermost mantle (Van den Berg et al.,

978; Hedlin and Shearer, 2000) can perhaps be explained by
egional variation of small-scale compositional heterogeneity (for
nstance fragments of oceanic crust (MORB) mixed in a matrix
f a perovskite and post-perovskite mantle) in slab-graveyards
t the base of the mantle. Indeed, from ScS wave scattering
utko et al. (2006) reported evidence for folded slab (and asso-

iated MORB layers) in the deep downwelling beneath the Cocos
late.

To evaluate the effect of small scale heterogeneity (for instance,
ubducted MORB crust) on the generation of small-scale seismic
tructure near the base of the mantle we used 1000 monitor tracer
me (b) shows corresponding profiles for the mineral phase distribution that varies
f (shear) wavespeed are shown in frame (c). (d) Shows the profiles of the composite
over linear diffusion creep. (f) Shows the second invariant of strain rate.

particles injected into a cold slab-like downwelling. Fig. 3 shows
the fate of the simulated MORB crust in the deep mantle where
severe folding and large strain rates generate complex structures
of contrasting MORB material. The locations of crustal monitor trac-
ers and corresponding horizontal- and radial flow velocity values
are shown in more detail in Fig. 8, for the same snapshot as in
Fig. 4. Frame (a) shows the position of the tracers close to the CMB.
In the opposite frame (b) horizontal velocities are shown on both
sides of the central cold downwelling at about 4500 km with max-
imum velocity of about 0.5 cm/year. The high velocity gradient is
indicative of the degree of horizontal stretching of the slab seg-
ment between 4000 and 4500 km along the CMB. Frame (c) shows
the distribution of radial velocity component which is small, close
to zero, in the bottom horizontal part and up to −1.25 cm/year in
the still actively subducting shallower parts of the slab.

Fig. 9 shows radial profiles of monitor tracer data. Panel (a)
shows the temperature values. The radial temperature profiles

from Fig. 5a and a horizontally averaged temperature profile have
been included for reference. Tracer values are plotted as discrete
yellow symbols, not resolved due to the small distance between
tracers of ∼ 1 km. The MORB crustal material of the tracers enters
the post-perovskite stability field at about 500 km above the CMB.
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ig. 6. Zoomed-in snapshots for model case B, showing a cartesian projection of the
onvection snapshot shown Fig. 3. The horizontal axis shows the curved distance a
elvin, (c) and (d) viscosity and viscosity component ratio are shown on a (10 based
lack lines show the location of radial profiles plotted in Fig. 5. The lines from left t

he corresponding phase boundary crossing of the background
yrolitic material is at 50–150 km smaller distance from the CMB
epending on the local temperature as can be read from the phase

oundary crossings in panel (a) and from panel (b) showing the
ineral phase distribution.
Corresponding profiles of shear wavespeed are shown in pan-

ls (c) and (d). These frames show identical wavespeed values for
ackground pyrolitic material drawn as continuous curves with
m 600 km of the full curved boundary of the domain, taken from the last (bottom)
he CMB, in clockwise direction in multiples of 1000 km. (a) Temperature scale is in
rithmic scale and (e) seismic wavespeed is scaled in kilometer per second. Vertical

t are at angular coordinates (counter clock) 33.5◦ , 17.5◦ and 5◦ , respectively.

corresponding colors as in (a) and (b). Discrete yellow symbols in
both frames show MORB tracer velocities computed from alter-
native parameterizations labeled MORB1 and MORB2 in Table 4.

The main difference between these parameterizations is the signif-
icantly smaller pressure derivative of the shear wavespeed of the
MORB1 model. These different parameterizations result in different
seismic velocity contrasts between the subducted MORB crust and
the background pyrolite as is clearly illustrated in frames (c) and
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Fig. 7. Radial profiles for model case B, showing the bottom 600 km of the domain at the locations indicated by the vertical black lines in Fig. 6. The black diagonal in frame
(a) corresponds to the Clapeyron curve of the PPV transition for pyrolitic composition. Frame (b) shows corresponding profiles for the mineral phase distribution that varies
between 2 (perovskite) and 3 (post-perovskite) in the depth range shown. Profiles of (shear) wavespeed are shown in frame (c). (d) Shows the profiles of the composite
viscosity. (e) Shows the ratio of the viscosity components of non-linear dislocation creep over linear diffusion creep. (f) Shows the second invariant of strain rate.

Fig. 8. Location and velocity distribution of crustal monitor tracers near the base of the mantle, corresponding to the tracer snapshot shown in Fig. 4. (a) Distribution of
height above CMB against distance along the curved CMB, as in Fig. 4. (b) Distribution of horizontal velocity along CMB. (c) Distribution of radial velocity component.
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Fig. 9. Radial profiles of (a) temperature, (b) mineral phase and (c) and (d) shear wavespeed corresponding to the zoomed-in snapshot shown in Fig. 4. The parallel Clapeyron
curves of the post-perovskite transition for pyrolite (solid) and MORB (dashed) are shown as the diagonals in frame (a). A pressure offset of 4 GPa exists between these curves
(Ohta et al., 2008). The intercept temperature, 3900 K, of the MORB PPV boundary is close to the core temperature of 4000 K. Colored solid lines are for the same radial sections
as in Fig. 5. The black solid lines show horizontal average values. Solid lines correspond to the pyrolitic background material. The dotted lines show values defined on crustal
monitor tracers. The yellow dotted line in frames (b)–(d) correspond to monitor tracers and a phase diagram and parameterization of the shear wavespeed corresponding
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o MORB. Frames (c) and (d) show seismic wavespeed profiles with contrasting para
alues. The black dotted lines in frames (c) and (d) show the (pyrolite) backgroun
ellow symbols correspond to the same tracer locations but for the two parameter
egend, the reader is referred to the web version of the article.)

d), the wavespeed contrast in frame (d) for MORB2 being much
maller.

This is made explicit in Fig. 10, showing the positions of the
ORB tracers in frame (a) and wavespeed values evaluated in the

racer positions for pyrolitic composition (green) MORB1 (red) and
ORB2 (blue) composition. Frame (c) shows the corresponding
avespeed contrast between the MORB and pyrolitic values. This

hows that MORB1 predicts much higher seismic contrast than
ORB2 over much of the thickness of the post-perovskite lens. The
mplication of this comparison is that the wavespeed contrast of
ORB crustal fragments with respect to the pyrolitic background
aterial depends critically on the pressure–temperature parame-

erization of the seismic wavespeeds which are at this time not well
onstrained.
rizations labeled MORB1, MORB2 (see Table 4) to represent monitor tracer velocity
espeeds evaluated at the position of the (MORB) crustal monitor tracers and the

ns, MORB1 and MORB2. (For interpretation of the references to color in this figure

3.3. Visibility prediction of seismic structure using wave-packet
analysis

The seismic expression of the heterogeneous distribution of
mineral phase and composition in the model results is obtained
by subjecting the finite-element modeling results - upon sub-
tracting the (coarse-scale) tomographic S-wavespeed background
model used in the inverse scattering – to a decomposition into
wavepackets (de Hoop et al., 2009), restricted to the spatial scales

and orientations (i.e., dips) that can be resolved by the ScS imaging
of large sets of global network data (e.g., Wang et al., 2006; van der
Hilst et al., 2007). This resolution is derived from a matrix repre-
sentation of the generalized Radon transform, described in Section
2.2, making use of the concentration of wave packets, and opens
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Fig. 10. (a) Position of MORB tracer particles near the bottom of the mantle in a cartesian projection similar to Fig. 4 (vertical scale has been stretched). (b) Values of (seismic)
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hear wavespeed evaluated in the tracer locations, showing values for pyrolitic (ba
or the wavespeed specified as MORB1 (red) and MORB2 (blue) in Table 4. (c) Wave
he seismic visibility of MORB inclusions in pyrolitic background mantle material. (
he web version of the article.)

ew pathways for joint seismic and geodynamical analysis of the
′′ region. An example of an elementary wave packet is given in

ig. 2 (left).

Fig. 11 zooms in at the (shear) wavespeed variations of a post-
erovskite lens structure of about 2000 km wide (top row), together
ith wave-packet decompositions at two different length scales

ig. 11. Different predictions (left- and right column) of the seismic visibility of lineamen
esults correspond to different parameterizations of the shear wavespeed of MORB, listed
he second and third row from the top down show partial reconstruction of the model for
n Fig. 2, left and marked orientations). The bottom three rows show a similar analysis fo
und) material (green) and for MORB material, using alternative parameterizations
contrast between MORB tracer particles and a pyrolitic background which controls
erpretation of the references to color in this figure legend, the reader is referred to

(rows 2 and 3) from the top down. The wavespeeds shown cor-
respond to the snapshot in Fig. 4(e). A perturbation has been

added corresponding to the marker line of MORB crustal trac-
ers. Alternative shear speed parameterizations have been used in
the left (MORB1) and right hand (MORB2) column, using param-
eters in Table 4. The images show that in the MORB1 results, the

ts of MORB crustal material in a background of pyrolitic material in the D
′′

region.
as MORB1 and MORB2 in Table 4. The top row shows the variation in wavespeed.
scales 4 and 5, respectively (with wave packets corresponding to outer two circles

r a smaller depth range around the top of the PPV lenses.
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ig. 12. Wave-packet analysis for model case B, similar to the results for model case
00 km of the mantle. Right column: results for a restricted region showing the top

ORB markers show up against the background (particularly at
he shortest length scale). In the MORB2 results the crustal mark-
rs have become practically invisible except at close distance from
he CMB where MORB2 data show a stronger signal due to a pos-
tive wavespeed contrast with respect to the pyrolite background,
n agreement with Fig. 10(c). This quantifies the above remarks, in
onnection to Fig. 10, on the differences in detectability of MORB1
nd MORB2.

The three bottom rows show results of a similar analysis,
oomed-in at the top of the post-perovskite lenses, illustrating
ore clearly the visibility of the corrugated top of the PPV layer,

n agreement with the high value of the Clapeyron slope, �PPV =
1.5 MPa/K for this model case A.

Results of a similar analysis with three different scales, for case
, are shown in Fig. 12, with significantly thinner PPV lens struc-
ure and a thicker bottom PV layer, in agreement with the smaller
lapeyron slope �PPV = 6 MPa/K, compared to model case A. The
maller �PPV also explains th smaller topography of the top of the
PV lenses in Fig. 12, compared to model case A.

. Discussion and conclusions

We have computed predictions of shear wavespeed variations
ear the base of the mantle from snapshots of thermal convection
ith compositional heterogeneity. A key element in this study is

hat the convection modeling is evaluated at a (spatial) resolution
omparable with the one of seismic imaging with available ScS
oda phases. Our results predict the occurrence of PPV lens-like
tructures of> 1000 km lateral extent near remnants of cold down-
ellings (subducted lithosphere). The thickness of these PPV lenses

s sensitive to the Clapeyron slope of the PPV transition �PPV and
aries between 250 and 400 km in our results, for �PPV between 6

nd 11.5 MPa/K, respectively. Thickness estimates of about 300 km
rom seismic imaging of the D′′ region by van der Hilst et al. (2007)
t well in this range.

Mantle regions where – in the turbulent convection regime
hot plumes emerge from the CMB are PV-rich. The cold PPV
wn in Fig. 11. Three scales, 4, 5 and 6 are shown. Left column: analysis of the bottom
PPV lenses.

regions deform according to non-Newtonian flow and have lower
viscosity than the hotter PV plumes, which have linear (Newto-
nian) rheology. We have investigated the sensitivity of the viscosity
reduction by varying the parameterization of the composite rheo-
logical model. The decrease of the effective viscosity in PPV regions,
due to dislocation creep, is about one order of magnitude in our
modeling results. This is in agreement with predictions from exper-
imental work on analogue material (Hunt et al., 2009).

In the numerical models, the base of the PPV lenses is inside the
thermal boundary layer near the CMB and is marked by a stronger
shear wavespeed gradient than the top. The undulating wavespeed
variations are a defining characteristic of the top of the D′′ layer
in the deep lower mantle above the CMB. We have found that
small scale structures of ∼ 10 km, related to subducted oceanic
crust might be visible in high resolution seismic images of the D′′

layer. Through evaluation of the relevant seismic expressions we
find that high resolution seismic imaging is sensitive to the Clapey-
ron slope, post-perovskite rheology, and possibly to the presence of
subducted (oceanic) crust. However, the latter will depend critically
on the seismic wavespeed contrast between MORB and background
mantle material, which is at this time not well constrained. The
results presented here illustrate the promise of quantitative inte-
gration of modeling, seismic imaging, and mineral physics for the
characterization of (non-smooth) heterogeneities in the lowermost
mantle. However, they also underscore the need for more accurate
seismic derivatives with respect to both temperature and depth.
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