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Chapter 13
Seismic Detection of Post-perovskite  
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Abstract  Since 2004, we have known that perovskite, the most abundant mineral  
in the lower mantle, has the capacity to transform to a denser structure, post- 
perovskite, if subjected to sufficiently high temperature and pressure. But does 
post-perovskite exist inside the Earth? And if it does, do we have the resources 
to locate it seismically? In this chapter, we present an overview of what we  
know about the perovskite-to-post-perovskite phase transformation from mineral 
physics, and how this can be translated into seismic structure. In light of these 
constraints, we evaluate the current lines of evidence from global and regional 
seismology which have been used to indicate that post-perovskite is likely present 
in the deep mantle.

Keywords  Post-perovskite  ·  D″ discontinuity  ·  Seismology  ·  Mineral physics

13.1 � Introduction

The radial seismic structure of the Earth’s upper mantle is characterised by regions 
of smoothly increasing wave speeds separated by sharp discontinuities (Fig. 13.1). 
These discontinuities are correlated with, and almost universally accepted as 
resulting from, mineralogical phase transformations in (Mg, Fe)Si2O4, of which 
about 60 % of the upper mantle is composed (concurrent transformations in less 
abundant phases enhance velocity gradients and influence the magnitude of the 
discontinuities). In contrast, in the lower mantle, wave speeds increase smoothly 
and monotonically with depth, with no major discontinuities, until about 300 km 
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above the core–mantle boundary (CMB), where a marked decrease in seismic 
velocity gradients is observed (Fig. 13.1). This region of anomalous seismic gra-
dients was first noted by Gutenberg (1914) and referred to as the D″ layer (Bullen 
1950). While globally averaged seismic profiles show only a change in the veloc-
ity gradients at the base of the mantle, regional seismic data sets have revealed 
that abrupt vertical changes in wave speed do occur for both P and S waves on 
local to regional scales at the top of the D″ region (e.g. Lay and Helmberger 1983; 
Baumgardt 1989; Weber 1993). These abrupt changes are usually referred to as 
the D″ discontinuity. By 1998, more than 40 separate studies had documented 
observations of a D″ discontinuity between ~100 and 450 km above the CMB (see 
Wysession et  al. 1998 for a review) in different parts of the globe, although its 
apparent magnitude and depth vary significantly both within and between studies.

Given the association between upper mantle seismic discontinuities and 
phase transformations, it is reasonable to speculate that the D″ discontinu-
ity may be related to another such transformation. Sidorin et al. (1999a, b) used 
geodynamic modelling to show that seismic observations of the D″ discontinu-
ity could be explained by a mineral phase transition with a Clapeyron slope of 
about 6  MPa/K whereby lateral variations in the depth of the discontinuity 
would arise from lateral variations in temperature. However, at that time, no such 
phase transition was known to occur. The most abundant lower mantle mineral,  
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Fig. 13.1   1-D seismic velocity and density profiles for the Earth’s mantle and associated major 
mineralogical phase transformations. The “410” discontinuity is associated with transformation 
of olivine to β-spinel (wadsleyite), and the “660” discontinuity is associated with transformation 
of γ-spinel (ringwoodite) to perovskite. These major transformations are accompanied by pyrox-
ene to garnet, and garnet to perovskite, phase transitions which occur over broad depth intervals 
and which modify the depth and sharpness of the discontinuities at 410 and 660
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(Mg, Fe)SiO3 perovskite, had demonstrated great stability at high pressures (Knittle 
and Jeanloz 1987; Kesson et al. 1998), and while early experiments indicated that 
it might transform from orthorhombic to cubic or tetragonal symmetry (Wolf and 
Bukowinski 1987; Wang et  al. 1990) or decompose into its component oxides 
(Meade et al. 1995; Saxena et al. 1996, 1998), such observations were later refuted 
and ascribed to large temperature and pressure gradients within experimental sam-
ples. Eventually, with continuing improvements in computational and experimen-
tal techniques, several research groups independently demonstrated in 2004 that 
MgSiO3 perovskite (Pv) will transform to a higher pressure polymorph known 
simply as “post-perovskite” (pPv) at pressures near to or greater than the CMB 
(Murakami et  al. 2004; Oganov and Ono 2004; Shim et  al. 2004). Subsequent 
investigations indicated that a similar transformation occurs in FeSiO3 and Al2O3 
perovskites (Mao et al. 2004; Oganov and Ono 2005; Caracas and Cohen 2005b). 
Nonetheless, large uncertainties on the precise depth of the phase transformation 
at high temperatures have left the question open of whether post-perovskite should 
exist at all within the pressure range of the Earth’s mantle.

The discovery of post-perovskite has generated much excitement within geo-
physics. Its dense and anisotropic crystal structure (Fig.  13.2) likely gives it 
distinct seismic properties relative to perovskite (e.g. Wookey et  al. 2005b; 
Wentzcovitch et al. 2006). Post-perovskite may thus provide a convenient expla-
nation not only for the D″ discontinuity but also much of the seismic complexity 
observed within the D″ layer, including large- and small-scale anisotropy (Kendall 
and Silver 1998; Panning and Romanowicz 2006; Wookey and Kendall 2007), 
internal stratification of the D″ layer (Lay et al. 2006; van der Hilst et  al. 2007) 
and anti-correlation between long-wavelength bulk and shear wave speed anoma-
lies (Ishii and Tromp 1999; Masters et al. 2000).

The layered structure of post-perovskite (Fig.  13.2) may also render it rheo-
logically weak (Hunt et  al. 2009; Ammann et  al. 2010), and this has the poten-
tial to influence the convective evolution of the mantle. Geodynamic simulations 
(Nakagawa and Tackley 2011; Tackley 2012) have shown that the presence or 
absence of post-perovskite affects how far slabs sink in the mantle: whether they 
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Fig. 13.2   Crystal structures of MgSiO3 perovskite (a) and post-perovskite (b). Brown octahedra 
represent SiO6 octahedra and black spheres represent Mg cations



394 L. Cobden et al.

pile up at the core–mantle boundary or are immediately entrained upward in the 
global circulation. This in turn determines the chemical composition and morphol-
ogy of rising plumes, which may ultimately influence the location and intensity of 
intraplate volcanism. As such, ascertaining whether or not post-perovskite exists 
inside the mantle can have a major impact on our understanding of the Earth’s 
dynamics.

Demonstrating the existence or absence of post-perovskite in the man-
tle requires a careful comparison between the experimentally and theoretically 
derived physical properties of post-perovskite and the observed seismic proper-
ties of the deep mantle. Accordingly, we begin with a review of what constraints 
can be placed on the physical properties of post-perovskite and the structure of 
the Pv–pPv phase boundary, as determined from mineral physics observations 
(Sect. 13.2). We then assess whether various seismic structures in the deep Earth 
are compatible with, or can be used as an indicator of, the presence of post-perovs-
kite (Sect. 13.3).

13.2 � Mineral Physics Observations of Post-perovskite

Mineral physics constraints on the seismic and thermodynamic properties of post-
perovskite come from two sources: laboratory experiments, in which rock materi-
als are compressed and heated to the pressure and temperature conditions expected 
in the deep mantle, and computer simulations, which predict crystal properties 
using quantum mechanical theory. For the lower mantle, the experimental method 
of choice is the diamond anvil cell, in which a small sample of a few millimetres 
is compressed between two opposing anvils and heated with a laser. The structural 
and chemical properties of the compressed material can be determined in situ via 
spectroscopy or, alternatively, can be analysed post-mortem using a transmission 
electron microscope.

Laboratory measurements suffer from uncertainties related to (1) the physical 
difficulty of sustaining large yet homogeneous pressures and temperatures across 
small crystal samples and (2) sluggish reaction kinetics, which can prevent a sam-
ple from attaining its equilibrium structure within the time frame of the experi-
ment. Furthermore, pressures inside the cell are determined by mixing the sample 
with another compound, such as gold or platinum, whose volume as a function 
of pressure has been previously calibrated. For a given pressure standard, at the 
conditions of the lowermost mantle (P > 100 GPa, T > 2000 K), uncertainties in 
the estimated pressure inside the cell due to errors in volume measurements and 
temperature gradients are usually cited as ±3 to 4 GPa (e.g. Hirose et  al. 2006; 
Hirose 2006; Ohta et al. 2008; Andrault et al. 2010) or less than ~80 km. However, 
the effect of using different pressure standards can be much larger. For example, 
pressures inferred using a platinum reference are at least 10–15 GPa higher than 
those inferred from gold at P > 100 GPa (Anderson et al. 1989; Akahama et al. 
2002), while pressures estimated using MgO are about 5–6 GPa higher than for 
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gold (Hirose et  al. 2008a; Grocholski et  al. 2012). Some experimentalists (Fei 
et al. 2004; Hirose 2006) have argued that pressure calibrations based upon MgO 
(Speziale et al. 2001) are the most favourable choice, because the MgO scale pre-
dicts the ringwoodite-to-perovskite and perovskite-to-post-perovskite transitions 
at the same depths as the seismically observed 660  km and D″ discontinuities, 
respectively. Added to this, uncertainties in temperature measurements are typi-
cally of the order of ±10 % at temperatures above ~2000 K (Hirose et al. 2006; 
Ohta et al. 2008).

Theoretical calculations (ab initio simulations) do not suffer from the physical 
limitations of experiments. However, they are computationally expensive, and as a 
result, approximations of atomic interactions must be assumed, and many simula-
tions are “static”, i.e. represent the material properties without thermal effects, at 
0 K. Furthermore, it is particularly computationally difficult to obtain the physi-
cal properties of iron-bearing mineral assemblages (Cococcioni and de Gironcoli 
2005). Consequently, computationally derived mineral properties are also associ-
ated with large uncertainties. For example, different molecular dynamic approxi-
mations, namely the local density approximation (LDA) and generalised gradient 
approximation (GGA), predict phase boundary pressures which differ by up to 
15 GPa (e.g. Oganov and Ono 2004; Tsuchiya et al. 2004), even at 0 K.

13.2.1 � Depth and Thickness of the Pv–pPv Phase Boundary

For a phase transition which takes place near the bottom of the mantle, where the 
absolute temperature is, in any case, uncertain by up to ~1500 K (on the basis of 
iron melting temperatures inside the core, e.g. Oganov et al. 2002; Campbell et al. 
2007; Asanuma et  al. 2010; Kamada et  al. 2010), the combined uncertainties in 
experimental measurements or ab initio calculations can translate into the differ-
ence between the transition happening above the CMB (~135 GPa) or below it. We 
have summarised in Table 13.1 the results of 29 different studies of the Pv–pPv 
phase boundary for a range of chemical compositions and mineralogical assem-
blages. A pictorial representation of those data for which the phase boundary 
could be determined at 2500 K, and their relation to the D″ discontinuity, is shown 
in Fig. 13.3.

In pure MgSiO3 (the simplest possible composition), the phase bound-
ary should be univariant, i.e. occur at a fixed temperature for a given pressure. 
However, the position of the phase boundary is not tightly constrained by the 
available data, with a significant part of the discrepancy due to the use of differ-
ent pressure standards in different studies. At 2500  K, estimates of the transi-
tion pressure range from 113 GPa (c. 2450 km) to 144 GPa (i.e. well below the 
CMB), although most studies place the transition within the mantle (Table 13.1; 
Fig.  13.3). Part of the uncertainty also comes from the discrete nature of exper-
imental data points used to construct phase equilibria. For example, the data of 
Murakami et al. (2004), which are among the earliest experimental observations of 
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pPv, constrain the boundary best at 2300 K. At this temperature, there are obser-
vations of Pv and pPv at a range of pressures, but there is a 15 GPa gap between 
observations of Pv and those of pPv, which puts an uncertainty of 15 GPa on the 
position of the phase boundary.

Adding iron and aluminium to MgSiO3 changes not only the depth of the phase 
boundary but creates a two-phase depth interval where both perovskite and post-
perovskite coexist. A thick two-phase region is seismically relevant because even 
if Pv and pPv have significantly differing seismic velocities (discussed below, 
Sect.  13.2.3), if the transformation from one to the other is gradual, it will not 
generate a sharp seismic discontinuity. Further, if the depth of the phase bound-
ary becomes too shallow, it will not be consistent with the observed depths of 
the D″ discontinuity, and if it becomes too deep, it will place the phase transition 
beyond mantle pressures. Experiments and calculations on binary systems, i.e.  
(Mg1−xFex)SiO3, have indicated that adding Fe2+ to MgSiO3 will decrease 
the pressure of the phase boundary significantly (Mao et  al. 2004, 2005; 
Caracas and Cohen 2005a), and measurements by different groups using differ-
ent pressure standards have consistently shown that for compositions close to 
(Mg0.9Fe0.1)SiO3, the phase transformation to post-perovskite begins at around 
111 GPa at 2500 K (Shieh et al. 2006; Catalli et al. 2009; Metsue and Tsuchiya 
2012). Most studies show that adding aluminium has the opposite effect, increas-
ing the phase boundary by ~5 GPa for ~5 mol% Al2O3 (Oganov and Ono 2005; 
e.g. Akber-Knutson et  al. 2005; Zhang and Oganov 2006), but some studies 
predict that it will decrease the phase boundary by ~0.2  GPa per mol% Al2O3 
(Tsuchiya and Tsuchiya 2008). Fe and Al both have the capacity to produce 
very thick two-phase regions: estimates of the thickness when Fe is added to the 
MgSiO3 range from 4–20 GPa, i.e. up to 400 km, and when Al is added, between 1 
and 30 GPa, i.e. up to 600 km (Table 13.1). However, in the real Earth, we expect 

Fig. 13.3   Schematic 
diagram showing the 
experimentally observed 
onset of Pv to pPv transition 
at 2500 K for a range of 
chemical and mineralogical 
compositions, relative to 
the pressure range of the D″ 
discontinuity and the CMB. 
Each vertical bar reflects the 
uncertainty in pressure onset 
of the phase transition for a 
fixed composition, using the 
data listed in Table 13.1
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both Fe and Al to be present simultaneously. Experimental observations of ternary 
systems, (FeAl)x(MgSi)1−xO3, predict widely varying estimates of the onset of the 
phase transformation, from ~20 GPa above to ~25 GPa below, the CMB, but all 
studies consistently observe a broad two-phase region of about 30 GPa thickness 
(~600 km) before Pv completely disappears (Nishio-Hamane et al. 2007; Catalli 
et al. 2009; Andrault et al. 2010; Shieh et al. 2011).

Nonetheless, this does not imply that the Pv–pPv transition region is necessarily 
very broad inside the Earth, because the behaviour of the transformation is altered 
further when other minerals, especially (Mg, Fe)O magnesiowustite, are coexisting 
with the perovskite. Generally speaking, the presence of (Mg, Fe)O or the presence 
of Al-bearing minerals such as the “calcium ferrite (CF)-type phase” (Na, Ca, Mg, 
Fe)1(Al, Si, Fe, Mg)2O4 will both produce a thinner two-phase region (Catalli et al. 
2009; Grocholski et al. 2012) by extracting the Fe and Al from the perovskite.

The chemical composition often taken to represent the “average” mantle is pyro-
lite (Ringwood 1962), although a number of studies have indicated that this may 
not be appropriate in the lower mantle (e.g. Cammarano et al. 2005; Cobden et al. 
2009; Murakami et  al. 2012). Most observations of the Pv to pPv transition in 
pyrolitic-type compositions (often approximated with KLB-1 peridotite, Takahashi 
1986) predict a relatively narrow two-phase region with a thickness of ~3–10 GPa 
(Table 13.1) at pressures close to D″ depths (~113–127 GPa at 2500 K) (Murakami 
et  al. 2005; Ono and Oganov 2005; Ohta et  al. 2006, 2008; Sinmyo et  al. 2011). 
However, one recent study has observed that the phase transition in pyrolite may 
not occur until 140  GPa and may have a thickness of 30 GPa (Grocholski et  al. 
2012). Most of the studies of pyrolite-type compositions have used a gold pressure 
standard, so it is unlikely that pressure calibration effects would account for more 
than ~5 GPa of the discrepancy. Grocholski et al. (2012) noted that kinetic effects 
(i.e. incomplete equilibration of cation distributions) can produce differences in 
the position of the phase boundary inferred from forward (Pv to pPv) and reverse 
(pPv to Pv) experiments of up to 8 GPa in multi-phase systems, so this is likely also 
a contributing factor. In any case, it is clear that the behaviour of the transition in 
pyrolitic compositions warrants further investigation. On the other hand, experimen-
tal observations of MORB, which forms a component of subducted slabs and may 
be present in large quantities near the base of the mantle (e.g. Tackley 2011), are 
much more consistent (Table 13.1): The onset of the phase transition is predicted 
to occur between ~100 and 114 GPa at 2500 K, with a two-phase region between 3 
and 15 GPa thick (Hirose et al. 2005; Ohta et al. 2008; Grocholski et al. 2012).

The variable behaviour of the phase boundary with respect to chemical composi-
tion and mineralogy is best understood in terms of iron and aluminium partitioning 
coefficients. Constraints on Fe and Al partitioning between perovskite, post-per-
ovskite and magnesiowustite are shown in Table  13.2. Although there is a lot of 
discrepancy between different studies, which has been attributed to non-homoge-
neous cation distributions within mineral samples (Hirose et al. 2008b); complexity 
regarding whether Fe is present as Fe2+, Fe3+, high-spin state or low-spin state; 
and whether or not Al is present (Andrault et  al. 2010), the most recent results  
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show some consistent findings: (1) Al preferentially partitions into perovskite over 
post-perovskite (Ono and Oganov 2005; Zhang and Oganov 2006) and (2) in the 
presence of Al, Fe preferentially partitions into magnesiowustite over perovskite or 
post-perovskite, and into perovskite over post-perovskite (Murakami et  al. 2005; 
Hirose et al. 2008b; Andrault et al. 2010; Sinmyo et al. 2011). This means that for 
binary and ternary systems, both Al and Fe stabilize perovskite to higher pressures, 
leading to a thicker phase transition. However, in multi-phase systems, magnesio-
wustite will extract Fe from both the Pv and pPv and will destabilize Pv relative to 
pPv. This can lead to a thinner transition. Likewise, in Al-rich compositions such 
as MORB, where non-perovskitic Al-bearing phases (e.g. MgAl2O4) are present, 

Table  13.2   Some constraints on iron and aluminium partitioning between perovskite (Pv),  
post-perovskite (pPv) and magnesiowustite (mw), as available up to end 2012

K
(mw/Pv)
Fe =

(XFe/XMg)mw

(XFe/XMg)Pv
 where (XFe)mw is the fraction of Fe in the (Mg, Fe)-bearing site in the 

mineral mw . Fe* indicates total Fe (Fe2+ plus Fe3+)

Reference Composition Partition coefficient Value

Kobayashi et al. 
(2005)

(Mg, Fe)SiO3 
(Al-free system)

K
(mw/Pv)

Fe2+
8.3

K
(mw/pPv)

Fe2+
3.3

K
(Pv/pPv)

Fe2+
0.4

Murakami et al. 
(2005)

KLB-1 peridotite 
(Al-bearing system)

K
(mw/Pv)
Fe

2.0–2.4

K
(mw/pPv)
Fe

7.8 ± 2.5

K
(Pv/pPv)
Fe

4

Ono and Oganov 
(2005)

Al2O3 + MgSiO3 
(Fe-free system)

K
(Pv/pPv)
Al

2.27

Zhang and Oganov 
(2006)

Al2O3 + MgSiO3 
(Fe-free system)

K
(Pv/pPv)
Al

2.67

Zhang and Oganov 
(2006)

Al2O3 + MgSiO3 
(Fe-bearing system)

K
(Pv/pPv)
Al

4.25

Hirose et al. (2008b) (Mg0.91Fe0.09)SiO3 
Al-free system

K
(Pv/pPv)
Fe

1.8

Andrault et al. (2010) (Fe, Al)-
bearing MgSiO3 
compositions

K
(Pv/pPv)
Fe

4.2 ± 0.5

Sinmyo et al. (2011) MgSiO3-Fe*SiO3 
(Al-bearing system)

K
(mw/Pv)

Fe2+
2.2

K
(mw/pPv)

Fe2+
5.9

K
(Pv/pPv)

Fe2+
2.68

K
(mw/Pv)

Fe∗
0.90

K
(mw/pPv)

Fe∗
4.5

K
(Pv/pPv)

Fe∗
5.0
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the Al will preferentially partition into these phases, destabilising Pv relative to pPv 
and producing a thinner transition (Grocholski et al. 2012).

In summary, the position in P-T space and thickness of the phase boundary is a 
complex function of chemical composition, and there remains much uncertainty on 
its structural properties. On the basis of experimental constraints, it remains feasi-
ble that post-perovskite either does not occur at all within the pressure range of the 
mantle or is restricted to certain chemically distinct domains, i.e. it has a localised 
presence rather than a global one. Additionally, there is a strong possibility that the 
phase transformation occurs over a broad depth interval not compatible with a sharp 
seismic discontinuity. Even if the phase transition is broad, more work is required 
to determine the rate of conversion of Pv to pPv within the two-phase region, since 
this will affect its seismic visibility: If most of the phase transformation is com-
pleted within a narrow depth interval, it could once again produce a sharp seismic 
interface even if the overall two-phase region is broad. Current observations do 
indicate that rate of transformation is nonlinear with respect to depth and that the 
form of this non-linearity is dependent on composition (Catalli et al. 2009).

13.2.2 � Clapeyron Slope

Many experimental observations of Pv and pPv phases are sparsely positioned in 
P-T space and leave the gradient of the phase boundary (dP/dT), i.e. the Clapeyron 
slope, completely unconstrained. In such cases, the phase boundary could be 
drawn with either a positive or negative slope. However, in a few experiments, 
observations of Pv and pPv are sufficiently proximal that the Clapeyron slope can 
be estimated (Table  13.1). The Clapeyron slope can also be calculated theoreti-
cally (Oganov and Ono 2004; Tsuchiya et al. 2004; e.g. Iitaka et al. 2004). While 
these observations unanimously indicate that the Clapeyron slope is positive (i.e. 
the phase transition occurs at higher temperatures as the pressure increases), esti-
mates of its magnitude range from about 4 to 14 MPa/K. Within this variation, the 
Clapeyron slope seems to be composition independent (e.g. Hirose et al. 2006).

13.2.3 � Velocity and Density Contrasts

Post-perovskite can only be detected in the Earth if its seismic properties are 
distinct from those of perovskite. A compilation of theoretical and experimen-
tal measurements of the changes in wave speed and density across the Pv to pPv  
transition is given in Table  13.3. These measurements all agree that in pure 
MgSiO3, a density increase of 1–1.5  % is expected upon transformation to pPv 
at 90 GPa < P < 125 GPa. Most studies also predict a significant increase in iso-
tropic S wave velocity (VS) of the order of ~1–4 % and a smaller change in P wave 
velocity (VP) of less than ±1 % (e.g. Iitaka et  al. 2004; Oganov and Ono 2004; 



404 L. Cobden et al.

Ta
bl

e 
13

.3
  

So
m

e 
ca

lc
ul

at
io

ns
 a

nd
 i

n 
si

tu
 e

xp
er

im
en

ta
l 

m
ea

su
re

m
en

ts
 o

f 
ve

lo
ci

ty
 a

nd
 d

en
si

ty
 c

ha
ng

es
 d

ur
in

g 
th

e 
Pv

 t
o 

pP
v 

tr
an

si
tio

n;
 t

hi
s 

ta
bl

e 
is

 n
ot

 
ex

ha
us

tiv
e

R
ef

er
en

ce
s

Te
ch

ni
qu

e
C

om
po

si
tio

n
P

, T
de

lta
V

p 
 

(%
, P

v 
to

 p
Pv

)
de

lta
V

s 
 

(%
, P

v 
to

 p
Pv

)
de

lta
 ρ

  
(%

, P
v 

to
 p

Pv
)

M
ur

ak
am

i e
t a

l. 
(2

00
4)

L
H

D
A

C
M

gS
iO

3
+

1.
0 

to
 1

.2

T
su

ch
iy

a 
et

 a
l. 

(2
00

4)
A

b 
in

iti
o

M
gS

iO
3

12
5 

G
Pa

, 2
75

0 
K

+
1.

5

O
ga

no
v 

an
d 

O
no

 
(2

00
4)

A
b 

in
iti

o
M

gS
iO

3
12

0 
G

Pa
, 0

 K
+

0.
3

+
1.

9
+

1.
4

Ii
ta

ka
 e

t a
l. 

(2
00

4)
A

b 
in

iti
o

M
gS

iO
3

98
 G

Pa
, 0

 K
-0

.1
+

1
+

1.
4

Ii
ta

ka
 e

t a
l. 

(2
00

4)
A

b 
in

iti
o

M
gS

iO
3 

an
is

ot
ro

pi
c

98
 G

Pa
, 0

 K
+

4 
(V

pH
)

+
 3

 to
 7

W
oo

ke
y 

et
 a

l. 
(2

00
5b

)
A

b 
in

iti
o

M
gS

iO
3

98
.7

 G
Pa

, 0
 K

−
0.

5
+

 3
 to

 4
+

1

C
ar

ac
as

 a
nd

 C
oh

en
 

(2
00

5a
)

A
b 

in
iti

o
M

gS
iO

3
12

0 
G

Pa
, 0

 K
0

+
1.

3
+

1.
5

T
su

ch
iy

a 
an

d 
T

su
ch

iy
a 

(2
00

6)
A

b 
in

iti
o

M
gS

iO
3

10
0 

G
Pa

, 0
 K

0
0

+
1.

5

T
su

ch
iy

a 
an

d 
T

su
ch

iy
a 

(2
00

6)
A

b 
in

iti
o

M
gS

iO
3

12
0 

G
Pa

, 0
 K

+
0.

7
+

7.
8

+
1.

5

W
en

tz
co

vi
tc

h 
et

 a
l. 

(2
00

6)
A

b 
in

iti
o

M
gS

iO
3

12
5 

G
Pa

, 2
50

0 
K

+
0.

7
+

2.
8

W
en

tz
co

vi
tc

h 
et

 a
l. 

(2
00

6)
A

b 
in

iti
o

M
gS

iO
3

A
lo

ng
 p

ha
se

 b
ou

nd
ar

y 
of

 T
su

ch
iy

a 
et

 a
l. 

(2
00

4)
0–

0.
5 

 w
ith

 u
nc

er
ta

in
ty

 
up

 to
 ±

1 
%

+
1.

5 
to

 +
2.

3 
%

 
w

ith
 u

nc
er

ta
in

ty
 u

p 
to

 ±
 1

.5

M
ur

ak
am

i e
t a

l. 
(2

00
7)

L
H

D
A

C
M

gS
iO

3
12

5 
G

Pa
, 3

00
 K

≤
 0

.5

M
ur

ak
am

i e
t a

l. 
(2

00
7)

L
H

D
A

C
M

gS
iO

3
17

2 
G

Pa
, 3

00
 K

+
 2

(c
on

tin
ue

d)



40513  Seismic Detection of Post-perovskite Inside the Earth

Ta
bl

e 
13

.3
  

(c
on

tin
ue

d)

R
ef

er
en

ce
s

Te
ch

ni
qu

e
C

om
po

si
tio

n
P

, T
de

lta
V

p 
 

(%
, P

v 
to

 p
Pv

)
de

lta
V

s 
 

(%
, P

v 
to

 p
Pv

)
de

lta
 ρ

  
(%

, P
v 

to
 p

Pv
)

A
m

m
an

n 
et

 a
l. 

(2
01

0)
A

b 
in

iti
o

M
gS

iO
3 

an
is

ot
ro

pi
c

~1
19

 G
Pa

, ~
27

00
 K

−
0.

4
+

4

M
ao

 e
t a

l. 
(2

00
5)

A
b 

in
iti

o
(

M
g
(1

-
x
)
F
e2

+

x

)

S
iO

3
13

0 
G

Pa
, 0

 K
∂l

nρ
/∂

xF
e 
=

 0
.3

Sh
ie

h 
et

 a
l. 

(2
00

6)
L

H
D

A
C

(

M
g
0
.9
1
F
e2

+

0
.0
9

)

S
iO

3
83

–1
06

 G
Pa

, ?
? 

K
−

1.
1 
±

 2

T
su

ch
iy

a 
an

d 
T

su
ch

iy
a 

(2
00

6)
A

b 
in

iti
o

Fe
Si

O
3

10
0 

G
Pa

, 0
 K

−
0.

8
−

1.
7

+
1.

2

C
ar

ac
as

 a
nd

 C
oh

en
 

(2
00

5a
)

A
b 

in
iti

o
A

l 2
O

3
12

0 
G

Pa
, 0

 K
−

4.
3

−
1.

4
+

1.
8

T
su

ch
iy

a 
an

d 
T

su
ch

iy
a 

(2
00

6)
A

b 
in

iti
o

A
l 2

O
3

12
0 

G
Pa

, 0
 K

−
0.

7
−

1.
4

+
1.

8

O
no

 a
nd

 O
ga

no
v 

(2
00

5)
L

H
D

A
C

K
L

B
-1

 p
er

id
ot

ite
~ 
+

1

C
ar

ac
as

 a
nd

 C
oh

en
 

(2
00

5a
)

A
b 

in
iti

o
py

ro
lit

e
12

0 
G

Pa
, 0

 K
+

0.
7

+
2.

5
+

1 
to

 2

N
ot

e 
th

at
 m

os
t m

ea
su

re
m

en
ts

 a
re

 m
ad

e 
at

 0
 o

r 
30

0 
K



406 L. Cobden et al.

0
5

10
15
20
25
30

%
 o

f m
od

el
s

% change Vp

0

5

10

% change Vs

0

5

10

15

20

25

30
−5−4−3−2−1 0 1 2 3 4 5 −10 −8−6−4−2 0 2 4 6 8 10 −3 −2 −1 0 1 2 3

% change density

0
5

10
15
20
25
30

%
 o

f m
od

el
s

0

5

10

0

5

10

15

20

25

30

0
5

10
15
20
25
30

%
 o

f m
od

el
s

0

5

10

0

5

10

15

20

25

30

0
5

10
15
20
25
30

%
 o

f m
od

el
s

0

5

10

0

5

10

15

20

25

30

0
5

10
15
20
25
30

%
 o

f m
od

el
s

0

5

10

0

5

10

15

20

25

30

−5−4−3−2−1 0 1 2 3 4 5
0
5

10
15
20
25
30

%
 o

f m
od

el
s

% change Vp

−10 −8−6−4−2 0 2 4 6 8 10
0

5

10

% change Vs

0

5

10

15

20

25

30

−3 −2 −1 0 1 2 3

% change density

(a)

(b)

(c)

(d)

(e)

(f)

MgSiO3

MgSiO3

MgSiO3

multi-
phase

multi-
phase

multi-
phase



40713  Seismic Detection of Post-perovskite Inside the Earth

Caracas and Cohen 2005a; Wookey et al. 2005b; Wentzcovitch et al. 2006). One 
study has however indicated that post-perovskite is not necessarily much faster 
in VS than perovskite at D″ pressures (Murakami et al. 2007). Either way, direct 
comparison of observed seismic structures with these constraints is at best semi-
quantitative: many mineral physics measurements are at 0 K or room temperature 
and do not necessarily represent what will happen at lower mantle temperatures, 
which may be between ~2000 and 4000  K near the CMB (Oganov et  al. 2002; 
Campbell et  al. 2007; Cobden et  al. 2009; Kamada et  al. 2010; Asanuma et  al. 
2010). Extrapolation of seismic properties to high temperatures requires knowl-
edge of the temperature derivatives of the elastic properties. Furthermore, the seis-
mic wave speeds vary with chemistry, with FeSiO3 post-perovskite being ~14 % 
slower in VP and 21  % slower in VS than MgSiO3, and Al2O3 post-perovskite 
being ~11 % slower in both VP and VS (Caracas and Cohen 2005a; Tsuchiya and 
Tsuchiya 2006). Nonetheless, for low concentrations (< 5–10 mol%) of Fe and Al 
in post-perovskite, as is expected in a pyrolitic composition, the effect of chemis-
try on seismic wave speeds is predicted to be small, with the effect on the phase 
diagram being much more significant (Caracas and Cohen 2005a).

Since direct measurements of VP, VS and density (as in Table  13.3) are only 
determined at a few temperatures and pressures, then inferring the seismic proper-
ties at other pressures or temperatures requires instead knowledge of the bulk and 
shear moduli (K and G, respectively) in addition to the density, at a fixed pressure 
(usually 0 GPa) and an equation of state which defines how to extrapolate these 
properties to lower mantle conditions. These parameters, derived from experimen-
tal and theoretical observations, typically have a non-negligible uncertainty which 
can affect seismic velocities significantly (e.g. Cobden et  al. 2009). For realistic 
calculation of VP, VS and density in plausible mantle compositions, one must also 
take into account the presence of other mineral phases, i.e. magnesiowustite, cal-
cium perovskite CaSiO3, free SiO2 and Al-bearing phases. It is unclear precisely 
how the seismic properties of individual minerals contribute to the average VP, 
VS and density of a mixed-phase assemblage, but typically a weighted averaging 
scheme such as the Voigt-Reuss-Hill or Hashin-Shtrikman method is assumed. 
In Fig.  13.4, we show the range of possible changes in VP, VS and density for 
pure MgSiO3 and mixed-phase assemblages in which the perovskite converts to 

Fig.  13.4   Histograms showing the sensitivity of Vp, Vs and density to a phase change from 
perovskite to post-perovskite. Calculations assume 100  % conversion of any Pv into pPv, at 
2700 km depth. a Pure MgSiO3 at a fixed temperature of 2600 K; the red bars indicate the value 
of dVp, dVs and dρ obtained using the elastic parameters published in Table A1 of Stixrude and 
Lithgow-Bertelloni (2011), while the grey histograms show the variation in dVp, dVs and dρ due 
to elastic parameter uncertainties, with elastic parameters varying at random within the uncer-
tainty bounds published in Stixrude and Lithgow-Bertelloni (2011); b variation in dVp, dVs 
and dρ for pure MgSiO3, with variable temperature, 1600 < T < 2600 K, and no elastic param-
eter uncertainties, red bars as in a; c pure MgSiO3, 1600 < T < 2600 K, with elastic parameter 
uncertainties; d multi-mineral assemblages following the compositional ranges in Cobden et al. 
(2012), 1600  <  T  <  2600  K, no elastic parameter uncertainties; e multi-mineral assemblages, 
1600 < T < 2600 K, with elastic parameter uncertainties; f  as in e but with increased iron parti-
tioning into magnesiowustite on conversion of Pv to pPv


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post-perovskite at 2700 km depth. These models were calculated using the min-
eral elastic parameters and uncertainty bounds on those parameters published in 
Stixrude and Lithgow-Bertelloni (2011), together with the equation of state of 
Stixrude and Lithgow-Bertelloni (2005). Uncertainties in elastic parameters alone 
translate into variations of ~3 %, 5 % and 1 % in VP, VS and density, respectively 
(Fig. 13.4a). Modelling the system as a mixed-phase assemblage, i.e. including the 
effects of iron, aluminium, calcium, and non-silicates, rather than pure MgSiO3, 
reduces the change in VS by about 2  % (Fig.  13.3d, e) but has a much smaller 
effect on VP. Increasing the partitioning of iron into magnesiowustite by a factor of 
4 or more on converting from Pv to pPv (as predicted by experiments, Table 13.2) 
does not appear to produce a significant change in the seismic velocities and 
density (Fig.  13.4f). Thus, the range of possible velocity and density changes is 
dominated by uncertainties in the mineral elastic parameters, and the magnitude of 
the change in VS depends strongly on chemical composition.

13.2.4 � Anisotropy

Both ab initio calculations (e.g. Stackhouse et  al. 2005b; Wookey et  al. 2005b; 
Wentzcovitch et al. 2006; Ammann et al. 2010; Mao et al. 2010) and experimental 
observations (e.g. Murakami et al. 2004; Shieh et al. 2006; Guignot et al. 2007) of 
post-perovskite structure under lower mantle conditions indicate that the mineral 
is highly anisotropic, with a maximum compressibility, and thus minimum seismic 
velocity, along the b-axis (i.e. perpendicular to the layers of SiO6 octahedra). It is sig-
nificantly more anisotropic than perovskite, and for seismic waves propagating in the 
crystallographic fast direction, this can enhance the velocity contrast between Pv and 
pPv by up to 3–7 % (Table 13.3). Calculations by Stackhouse et al. (2005a, 2006) 
indicate that the anisotropic structure of MgSiO3 likely does not change significantly 
with the addition of iron, while addition of aluminium may have a small effect.

The bulk seismic anisotropy of polycrystalline post-perovskite depends not only 
on the inherent anisotropy of single crystals, but also on (1) its deformation his-
tory—if the individual crystals are undeformed and randomly oriented, then the 
bulk anisotropy will be zero—and (2) its behaviour under deformation, in particular 
the crystallographic plane on which slip occurs when a deviatoric stress is applied. 
This has been a subject of much debate, with 4 different slip planes having been 
proposed for MgSiO3 pPv: (100), (010), (001) and (110) (see Nowacki et al. 2011 
for a review). The main source of this variability is the experimental difficulty of 
working with MgSiO3 pPv, which cannot be quenched and therefore can only be 
observed at very high pressures (Miyagi et al. 2011). At such high pressures, only 
a small sample size can be used, which limits the total amount of strain that can 
be imparted on the sample and makes maintaining a uniform (high) temperature 
across the sample challenging (see Sect. 13.2.1). Depending on the magnitude and 
duration of the deformation, together with the grain size in an experimental sam-
ple and the mineralogy of the starting material (i.e. if pPv is synthesised directly 
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from Pv or from enstatite), then some experiments may observe transformation 
textures—texture produced during the phase transition—rather than deforma-
tion textures (Miyagi et  al. 2011). To circumvent the limitations of high-pressure 
experiments, many studies have been done on analogue materials, primarily CaIrO3 
and MgGeO3 post-perovskites, at lower temperatures and pressures that are easier 
to control and allow larger sample sizes. Experiments on CaIrO3 have consist-
ently shown that slip occurs along the (010) plane in this mineral, i.e. parallel to 
the layering (e.g. Yamazaki et  al. 2006; Miyajima et  al. 2006; Walte et  al. 2007; 
Niwa et al. 2007; Miyagi et al. 2008; Walte et al. 2009; Niwa et al. 2012). However, 
differences in crystal structure between CaIrO3 and MgSiO3, namely bond lengths 
and bond angles, indicate that the former may not be a good analogue for deforma-
tion textures in the latter (Miyagi et al. 2008; Kubo et al. 2008; Miyagi et al. 2011). 
MgGeO3 appears to be more structurally similar and a better analogue (Hirose 
et al. 2010; Miyagi et al. 2011). The most recent experiments on MgSiO3 (at high 
P and low T) and MgGeO3 (at moderate P and T) favour slip along the (001) plane 
(Miyagi et al. 2010, 2011; Okada et al. 2010; Metsue and Tsuchiya 2013), which 
is perpendicular to the layers of SiO6 octahedra. Calculations suggest that 100 % 
alignment of pPv along the (001) plane would cause horizontally polarised shear 
waves to be 8–15  % faster than vertically polarised shear waves (Hirose et  al. 
2010), which is significantly higher than the 2 % difference estimated for slip along 
the (010) plane (Stackhouse and Brodholt 2007). Clearly, further work needs to be 
done to verify the slip plane and direction in pPv as this has a major influence on 
the magnitude of the bulk seismic anisotropy which can be induced in pPv.

Even knowing the slip plane(s) and slip vector(s) for pPv, it is still challenging 
to translate polycrystalline anisotropy measurements made in the laboratory into 
seismic observables, since the lowermost mantle is unlikely to be composed purely 
of (Mg, Fe)SiO3, and thus, the total seismic anisotropy in a region depends also on 
the anisotropic properties of any other minerals present (e.g. up to ~20 % magne-
siowüstite), as well as the degree of alignment (0–100 %) of the anisotropic phases. 
Furthermore, measurements of seismic anisotropy in the Earth cannot easily distin-
guish between the alignment of inherently anisotropic crystals, i.e. lattice-preferred 
orientation (LPO) or any extrinsic sub-(seismic-)wavelength alignment of two 
materials with distinct elastic properties, i.e. shape-preferred orientation (SPO), 
especially at long wavelengths. Sources of SPO near the CMB could be chemi-
cal layering or aligned melt inclusions (Kendall and Silver 1998). The micro- and 
macro-scale seismic properties of melt, as well as the amount of melt which could 
be present near the CMB, are currently poorly constrained (Nowacki et al. 2011).

13.3 � Seismic Observations

One way to test for the presence of post-perovskite is using seismic waves that 
sample the lower mantle. Over the years, many different waves and wave-types 
have been used to investigate structures near the CMB. Here, we will give an 
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overview of a number of these seismic probes and their ability to detect either a 
phase transition in or physical properties of post-perovskite. We will look at both 
regional and global scales.

While there are many seismic probes that are sensitive to lower mantle struc-
ture, only a few of these probes are suitable for detecting post-perovskite. These 
are as follows: (1) seismic discontinuities, whose depth, sharpness and imped-
ance contrast can be compared with the Clapeyron slope, thickness and impedance 
change of the phase change from Pv to pPv (Sect. 13.3.1); (2) anisotropy models, 
whose properties can be compared with the anisotropic behaviour of pPv relative 
to other minerals or mineral structures (Sect.  13.3.2); and (3) tomography mod-
els of lateral variations in wave speed and density (Sect. 13.3.3). For the latter, it 
is essential to have models of both dlnVP and dlnVS, at the same spatial resolu-
tion, in order to distinguish the trade-off between temperature and composition. 
Additionally, including a model of the density structure dlnρ at the same spatial 
resolution can provide even better constraints.

13.3.1 � The D″ Discontinuity

Regional-scale seismic studies have repeatedly documented evidence for a seismic 
discontinuity near the base of the mantle (e.g. Lay and Helmberger 1983; Weber 
and Kornig 1990; Weber and Davis 1990; Davis and Weber 1990; Young and Lay 
1990; Houard and Nataf 1992, 1993; Weber 1993; Weber and Wicks 1996; Weber 
et  al. 1996; Kendall and Nangini 1996; Thomas and Weber 1997; Reasoner and 
Revenaugh 1999; Russell et al. 2001; Thomas et al. 2002, 2004a, b; Lay et al. 2004; 
Wallace and Thomas 2005; Lay et al. 2006; Avants et al. 2006; van der Hilst et al. 
2007; Kito et al. 2007; Hutko et al. 2008, 2009; Chaloner et al. 2009). This disconti-
nuity, usually referred to as “the D″ discontinuity”, appears to have a complex struc-
ture, with both small and long wavelength lateral variations in its strength and depth. 
The discontinuity can be seen in both P and S waves (SH component), although not 
necessarily at the same time (e.g. Weber 1993), and in some regions, no disconti-
nuity is observed at all (e.g. Neuberg and Wahr 1991; Chambers and Woodhouse 
2006), implying that it is not necessarily a global structure. It manifests itself in seis-
mic data as a triplicated arrival, due to refraction immediately above and/or below 
the discontinuity combined with reflection off the discontinuity (Fig.  13.5). The 
D″ discontinuity probably does not appear in 1-D reference models such as PREM 
(Dziewonski and Anderson 1981) and AK135 (Kennett et al. 1995) because of its 
lateral complexity and because it is detected best at a narrow range of epicentral dis-
tances, ~60°–80°, where the waves graze the discontinuity at near-critical angles and 
the reflection coefficient is high (Fig.  13.6). Observations of the D″ discontinuity 
to date are thus restricted to those regions where earthquakes and seismic stations 
are at the correct angular separation. Regions where a D″ discontinuity has been 
observed by one or more studies are mapped in Fig.  13.7. There are more obser-
vations for S waves than for P waves, and more observations have been gathered 
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in tomographically fast regions such as the circum-Pacific than in tomographically 
slow regions. One possible reason for the larger amount of S wave observations is 
the generally larger amplitude of those waves compared with P wave triplications 
from the D″ discontinuity.

The D″ discontinuity triplication presents itself in seismic data as a 
weak phase which arrives later than the main P (or S) phase but before the 

Fig.  13.5   Schematic cross section through the Earth showing ray paths for D″ phases. Earth-
quake indicated by star and seismic station indicated by triangle. PdP, the reflection off the top of 
the D″ discontinuity, is sometimes known as Pbc, while PDP, the refraction beneath the disconti-
nuity, is sometimes referred to as Pcd. Refraction immediately above the D″ discontinuity may be 
referred to as Pab. An analogous nomenclature is used for S waves

Fig. 13.6   Reflection coefficients for P and S waves at the D″ discontinuity as a function of epi-
central distance
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core-reflected phase, PcP (or ScS) (Fig. 13.5). We can be confident that the phase 
originates in the lowermost mantle rather than from mid-mantle or near-source 
scatterers (such as slabs or the Moho) if it has a slowness (move-out) interme-
diate between mantle refraction and core reflection (Weber 1993), and when it 
is seen for multiple events with different source depths (Baumgardt 1989) in the 
same region. This phase is given the general name PdP (or SdS for S waves) to 
indicate interaction with the D″ discontinuity, and, depending on epicentral 
distance, it can be a composite of a reflection off the top of the discontinuity 
(known as Pbc or sometimes PdP) plus a refracted wave (Pcd or PDP) turning just 
below the discontinuity, or a reflection alone, or a refraction alone (e.g. Lay and 
Helmberger 1983; Weber 1993).

Even though PdP and SdS phases can sometimes be observed in single seis-
mic traces, they are often weak signals, and various stacking techniques have been 
employed to enhance their visibility. These include the following: double-array 
stacking (Lay et  al. 2004, 2006; Kito et  al. 2007; Thorne et  al. 2007; Lay 2008); 
vespagram analysis (slant-stacking) (Thomas and Weber 1997; Thomas et al. 2002; 
Chaloner et  al. 2009); simplified seismic migration (Thomas et  al. 1999; 2004b; 
Kito et  al. 2007; Chaloner et  al. 2009); Kirchhoff migration (Hutko et  al. 2006); 
and the generalised radon transform (GRT) (Chambers and Woodhouse 2006; van 
der Hilst et al. 2007). Array-based methods such as vespagrams (Davies et al. 1971; 
Muirhead and Datt 1976) require visual inspection of individual seismograms which 
is time intensive, restricting studies to small data sets; on the other hand, methods 
such as the GRT which allow large data sets to be processed quickly are not sub-
jected to the same level of quality control. At least part of the apparent variability 

S

P

Fig. 13.7   Locations of observations of D″ discontinuity overlain on the tomography model of 
(Grand 2002). References for D″ observations given in Sect. 13.3.1
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in D″ structure can be ascribed to different stacking techniques, and subjective data 
selection between different studies (Wysession et al. 1998; Lay and Garnero 2007).

Stacking also allows assessment of the slowness of seismic phases. In single 
seismogram, the move-out difference between P, PcP (or S, ScS) and PdP (or SdS) 
is difficult to measure. Distance-dependent displays of seismic traces, or stacking 
techniques such as vespagrams or frequency-wavenumber analyses (for a review 
see Rost and Thomas 2002 or Schweitzer et al. 2002), which allow slowness esti-
mation, can help to identify the waves, [e.g. Lay and Helmberger 1983; Weber 
1993; Thomas and Weber 1997] and distinguish them from possible Moho multi-
ples of the P wave (or S wave) or other interfering waves.

In the following subsections, we assess the suitability of seismic observations 
of the D″ discontinuity for discriminating between the presence and absence of 
post-perovskite. This requires firstly an assessment of the compatibility between 
the structural properties of the discontinuity and those of the phase boundary, tak-
ing into account the likely biases and uncertainties in both seismic and mineral-
ogical data sets. Secondly, where the data are of sufficient quality to allow such 
an assessment, a comparison against other thermo-mineralogical effects which 
may produce the D″ discontinuity is needed. For while it is tempting to interpret 
the D″ discontinuity in terms of a mineralogical phase change on the basis of this 
being the cause of the 410 and 660 discontinuities, the D″ region is the bound-
ary layer between the solid silicate mantle and the liquid outer core, where great 
thermo-chemical complexity is already expected in the absence of a phase transi-
tion. Thus, the D″ discontinuity may instead represent reflections (or scattering, 
Scherbaum et al. 1997) off small- to regional-scale thermo-chemical heterogenei-
ties, such as subducted slabs (Christensen 1989; Christensen and Hofmann 1994), 
piles or layers of dense and possibly primitive material (Davies and Gurnis 1986), 
and core–mantle reaction products (Knittle and Jeanloz 1989). The localised 
nature of these structures provides a plausible mechanism for the lateral variations 
in the depth, strength and visibility of the D″ discontinuity (Sidorin et al. 1998).

13.3.1.1 � Discontinuity Depth

By modelling the discontinuity as a sharp interface which occurs at a single depth, 
it is possible to constrain its depth to within ±20 km (e.g. Weber 1993) by measur-
ing the timing of the PdP(SdS) arrival relative to the P(S) or PcP(ScS) and assum-
ing a particular 1-D wave speed structure for the mantle. Slightly different depths 
may be obtained depending on whether the timing of the PdP is measured relative 
to the P (which gives the discontinuity’s position as the depth below the Earth’s 
surface) or relative to the PcP (which gives the position as a height above the 
CMB). When using the latter, care should be taken to consider the possible effects 
of CMB topography and the wave speed structure in between the D″ discontinuity 
and the CMB on the travel times.

The inferred depth depends furthermore on the frequency at which the data 
have been filtered, which in turn is different for P and S waves, since in reality, 
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the discontinuity has a finite thickness to which different frequencies have variable 
sensitivity. PdP phases are usually seen at periods shorter than 10 s, while SdS are 
typically visible between ~3 and 25 s. In regions where both PdP and SdS phases 
are observed, the inferred depths of the discontinuity usually agree to within 
~50 km. Estimates of discontinuity depth range from ~100 to 450 km above the 
CMB, with a global average of 250–265 km above the CMB or ~2650 km depth 
(Wysession et al. 1998). Overall, it is reasonable to assume that the cited depth of 
a D″ discontinuity in a particular study is accurate to within ~100 km. This vari-
ability, although large, is much smaller than the uncertainty on the depth of the  
Pv to pPv transition (Sect. 13.2; Table 13.1). As such, the depth of the D″ discon-
tinuity is compatible with the depth of the phase boundary but cannot be used to 
confirm the presence of post-perovskite.

13.3.1.2 � Discontinuity Thickness

Extracting the thickness of the D″ discontinuity is very difficult. In theory, it 
could be inferred from the frequency content of PdP or SdS phases (relative to 
the PcP or ScS) at near-vertical angles of incidence. In practice, such observa-
tions are extremely rare, due to the low reflection coefficient at pre-critical dis-
tances (Fig. 13.6), although one such study has indicated that PdP arrivals may be 
generated by a discontinuity as narrow as 8 km (Breger and Nataf in Wysession 
et al. 1998). Alternatively, the thickness can be estimated by modelling the ampli-
tude of PdP or SdS arrivals at multiple frequencies as a function of distance: a 
broader transition will reduce the amplitude of pre-critical arrivals relative to post-
critical ones (Lay 2008). Again this is challenging because PdP and SdS arrivals 
can usually only be detected in a narrow distance range just before and just after 
critical reflection, and data from multiple events with the same reflection point 
at D″ but different incidence angles are required, which are often not available. 
Furthermore, amplitudes are influenced by multiple factors, including 3-D dis-
continuity topography, and even in 1-D synthetic waveform modelling, there is a 
strong trade-off between the imposed width of the discontinuity and the magnitude 
of the velocity jump across it (see also Sect. 13.3.1.4 below). Nonetheless, these 
studies have indicated a maximum discontinuity thickness of ~70–90  km (e.g. 
Weber et  al. 1996), and a recent analysis of a densely sampled region under the 
Cocos Plate has suggested it could be as narrow as ~30 km (Lay 2008).

The recent observation that the Pv–pPv phase transformation can, in certain 
multi-mineralic assemblages such as pyrolite, have a thickness of several hun-
dred kilometres (Catalli et al. 2009; Grocholski et al. 2012) is clearly incompat-
ible with the constraint that the D″ discontinuity is narrower than c. 90 km. This 
has prompted speculation that the phase change may not be responsible for the 
D″ discontinuity, or that if it is, it is only in regions with very specific chemis-
try such as basalt or harzburgite (Grocholski et  al. 2012). However, we should 
bear in mind that even for a broad phase boundary, the rate of transformation is 
nonlinear (Catalli et al. 2009) and could be predominantly restricted to a narrow 
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depth interval which is compatible with observed discontinuity thicknesses. 
Alternatively, in the presence of shear stresses, rapid development of aligned post-
perovskite grains, i.e. a sudden change in bulk anisotropy, could be responsible for 
a sharp seismic discontinuity in the presence of a broad phase transition (Ammann 
et al. 2010). At best, the <90 km thickness of the discontinuity can be used as an 
indication that its origin has a significant non-thermal component, since it is dif-
ficult to sustain large-amplitude temperature anomalies over length scales of a few 
tens of kilometres (e.g. Kaneshima and Helffrich 1999; Ricard et al. 2005). It can-
not, at present, be used to detect post-perovskite.

13.3.1.3 � Discontinuity Topography

Sidorin et al. (1999a, b) used changes in the height of the D″ discontinuity in com-
bination with long-wavelength tomographic models to deduce that if tomographic 
wave speed variations represented lateral variations in temperature, then the dis-
continuity could correspond to a phase transformation with a Clapeyron slope of 
+6 MPa/K. This falls within the range of Clapeyron slopes seen experimentally 
and theoretically for the Pv to pPv phase boundary (Table  13.1; Sect.  13.2.2), 
and subsequently, variations in discontinuity depth have been used to estimate 
temperature variations near the CMB (Lay et al. 2006; van der Hilst et al. 2007). 
However, given that the depth of the Pv–pPv transition can vary strongly as a 
function of chemistry and mineralogy, and that its visibility may also be influ-
enced by anisotropy, it is potentially hazardous to interpret D″ topography purely 
in terms thermal effects on the Pv–pPv phase boundary. At the time of the model-
ling of Sidorin et al. (1999a, b), there were limited observations of the D″ disconti-
nuity in the central Pacific; subsequently, studies have found that the discontinuity 
in this region is too shallow to be compatible with Sidorin et  al.’s models, and 
this may be indicative of chemical effects on the phase boundary (e.g. Lay and 
Garnero 2007; Ohta et al. 2008). Furthermore, Hutko et al. (2006) have mapped 
100-km amplitude undulations in the depth of D″ reflections over lateral distances 
of 200–300 km, which would require temperature variations of 500–1000 K that 
are geodynamically difficult to explain.

A refinement of the method of Sidorin et  al. (1999a, b) was performed by 
Sun et al. (2006, 2007) and Sun and Helmberger (2008) using updated tomog-
raphy models and allowing for simple changes in chemistry. They found that 
observations of D″ topography could be explained by a phase boundary with a 
Clapeyron slope of ~9 MPa/K, if the magnitude of the velocity jump across the 
discontinuity is laterally variable and if short-wavelength undulations are attrib-
uted to scattering off a buckled slab. While it is clearly possible to model D″ 
discontinuity topography in terms of Clapeyron slopes plus compositional het-
erogeneity, such modelling is not uniquely diagnostic of the presence of post-
perovskite because it does not rule out the possibility that alternative structures 
can fit the data.
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13.3.1.4 � Velocity and Density Contrasts

The impedance contrast across the D″ discontinuity may be our most diagnostic 
tool for assessing if the discontinuity is generated by post-perovskite. In principle, 
the polarity of PdP and SdS waveforms indicates whether the impedance change is 
positive or negative, and the amplitude gives an indication of the magnitude of the 
change. At pre-critical distances, the waveforms are sensitive to both density and 
velocity, while at critical and post-critical distances where the waves graze the dis-
continuity obliquely (and where most observations are obtained), the waveforms 
are primarily sensitive to velocity changes (Lay and Garnero 2007). There are two 
main difficulties in measuring impedance contrasts. The first is that from a model-
ling perspective, there is always a trade-off between the imposed thickness of the 
discontinuity and magnitude of the velocity change across it. At best, it is pos-
sible to give a range of discontinuity thicknesses and velocity jumps compatible 
with a given seismic observation of PdP or SdS. The second—and major—issue 
is that 3-D topography on the discontinuity can lead to focussing and de-focus-
sing of PdP and SdS waveforms, which may alter their amplitude significantly. To 
date, most estimates of velocity jumps at D″ have been based upon full-waveform 
reflectivity modelling in 1-D (e.g. Weber 1993; Kito et  al. 2007; Chaloner et  al. 
2009) or ray tracing in 2-D (Thomas and Weber 1997), which cannot accurately 
incorporate the effect of 3-D topography. Full-waveform modelling of the D″ 
discontinuity in 3-D at the high frequencies at which it is observed is currently 
beyond available computational capacity. However, a few studies in 2.5-D have 
been or are being performed (e.g. Thorne et  al. 2007); (Hempel et  al., article in 
preparation). Investigations by Hempel et al. (pers. comm.) indicate that if the D″ 
discontinuity is dipping more steeply than ~40°, then it becomes seismically invis-
ible along the great circle path, i.e. the direction in which data are stacked for ves-
pagram analysis, and if it dips at shallower angles, then the amplitudes of the D″ 
reflection may still be strongly influenced.

Further uncertainties arise from stacking procedures, which assume that either 
multiple events or multiple receivers are sampling the same reflection point at D″, 
when in practice, they are sampling the structure, perhaps non-uniformly, within 
a range of several degrees, so that the image obtained is a smeared average of any 
3-D variations in topography and velocity structure of the discontinuity within 
that region. Added to this, for a given propagating wave, the 1-D Fresnel zone 
at D″ depths is about 3.5° ×  7° (~230 ×  460  km) for S waves with periods of 
around 6  s and 2° ×  4° (~130 ×  260  km) for P waves with periods of around 
1 s (Weber 1993), meaning that P and S waves for a given event are not sampling 
exactly the same structure and the resolution of topography within those ranges is 
questionable.

In general, 1-D reflectivity modelling indicates that velocity contrasts smaller 
than about 1 % are unlikely to be detected (e.g. Weber 1993). Thus, absence of 
a visible PdP or SdS arrival does not equate to the absence of a D″ discontinu-
ity; it may well mean that the impedance contrast is too small to be seen above 
the noise or that the topography de-focuses the signal. Gaherty and Lay (1992) 
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and Flores and Lay (2005) also noted that due to the distance-dependent proper-
ties of the reflection coefficient, it is easier to detect velocity increases than veloc-
ity decreases, leading to an observational bias towards detecting velocity increases 
in acquired data sets. We further note that the reflection coefficient is dependent 
on both the P and S velocity jump, and in the case of a positive S wave contrast 
and negative P wave contrast, the reflection coefficient of PdP is larger than if P 
and S wave speeds both increase or both decrease (Fig. 13.6). For these reasons, 
interpretation of discontinuity structure in terms of its apparent geographic dis-
tribution (Fig. 13.7) is not advised. For example, if the D″ discontinuity were to 
be observed globally, it would be likely to be caused by one single effect, with a 
phase change in perovskite being the most plausible option. The fact that it has 
only been observed in regional-scale studies leaves the possibility open that it 
could still be global, but seismically invisible in some regions, or that it is regional 
and caused by multiple different regional structures including subducted material. 
In addition to the bias introduced by wave-propagation complexity, the apparent 
observability of the D″ discontinuity also depends heavily on the limited distribu-
tions of earthquakes and seismic arrays.

Waveform polarities are a more robust seismic observable than waveform ampli-
tudes because they do not change with epicentral distance (Fig. 13.8), and to our 
knowledge, they are not modified by the discontinuity thickness or velocity gradi-
ents. However, polarity measurements are most reliable when the data show a clear 
core-reflection phase (PcP or ScS) and when it has been verified that the polarities 
are not modified by the earthquake radiation pattern, i.e. that P, PdP and PcP all 
travel within the same quadrant of the focal mechanism. In such cases, reflectivity 
modelling (e.g. Weber 1993; Kito et al. 2007; Chaloner et al. 2009) demonstrates 
that the polarity of the PdP waveform will be the same as that of the P and PcP 
(“positive polarity”) for a velocity increase at the D″ discontinuity, whereas the 
polarity of the PdP will be reversed relative to P and PcP for a velocity increase 
(“reverse polarity”; likewise for S wave phases)—Fig. 13.8. An example of a vespa-
gram (slant stack) for a South American earthquake which samples D″ beneath the 
Caribbean is shown in Fig. 13.9. In this example, the polarity of the PdP indicates 
a negative P velocity jump at D″ and the polarity of the SdS indicates a positive S 
velocity jump. It can be shown (Cobden and Thomas 2013) that even in the absence 
of amplitude measurements, polarities can discriminate between different thermo-
chemical origins for the D″ discontinuity, assuming that velocity contrasts greater 
than 1 % are needed to see a PdP or SdS phase (Fig. 13.9).

Despite the numerous pitfalls in estimating velocity changes, in some regions, 
consistent waveform polarities and amplitudes have been observed for multiple 
events. In these regions, it is perhaps reasonable (as a first-order approximation) 
to attempt to interpret the waveforms in terms of plausible thermo-chemical struc-
tures. Initially, such studies have been simple compatibility tests noting an agree-
ment between the S and P velocity changes expected for conversion of MgSiO3  
Pv to pPv (Table 13.3) and the estimated velocity changes across the D″ disconti-
nuity (Wookey et al. 2005b). The agreement is especially good in the Caribbean, 
i.e. beneath the Cocos Plate, where large increases in S wave speed (1–3 %) are 
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Fig. 13.8   PdP waveform polarity and amplitude as a function of epicentral distance, and for P 
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is the opposite sign to the change in Vs, and the reversal of the PdP polarity for P wave speed 
decreases compared to P wave speed increases
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seen in conjunction with negative (up to −3 %) or small positive (<1 %) changes 
in P wave speed (e.g. Lay and Helmberger 1983; Kendall and Nangini 1996; Ding 
and Helmberger 1997; Lay et  al. 2004; Thomas et  al. 2004a; Kito et  al. 2007; 
Hutko et  al. 2008). The example given in Fig. 13.9 shows synthetic vespagrams 
for a P velocity decrease of 1 % and S velocity increase of 2 % that are compatible 
with the waveform amplitudes and polarities of the real data.

It is more problematic to invoke post-perovskite for explaining observations 
of the D″ discontinuity underneath Siberia/Eurasia, where large-amplitude, posi-
tive polarity PdP phases, indicative of large (1–3 %) increases in P wave speed, 
have been documented by multiple studies (e.g. Weber and Davis 1990; Houard 
and Nataf 1992; Weber 1993; Scherbaum et al. 1997; Thomas and Weber 1997). 
Thomas et al. (2011) suggested that these large P wave speed increases may still 
be reconciled with a phase change from Pv to pPv, if the pPv grains are aligned 
due to flow, and the seismic waves preferentially sample the fast crystallographic 
direction. This hypothesis was based upon observations of opposite-polarity PdP 
waveforms for three source–receiver combinations with ray paths intersecting at 
45° beneath Eurasia, compared with theoretically predicted velocity jumps due to 
anisotropic pPv underlying isotropic Pv. In this study, one source–receiver combi-
nation had a different geographic reflection point, so the varying polarities could 
also have arisen from different physical structures at the reflection points rather 
than anisotropy. To test this possibility, Cobden and Thomas (2013) attempted to 
model the polarities and amplitudes with a range of isotropic mineral structures, 
with and without post-perovskite. Using the mineral physics parameters compiled 
by Stixrude and Lithgow-Bertelloni (2011) and a Monte Carlo thermodynamic 
modelling procedure, they found that it is statistically difficult to generate large P 
velocity increases at the same time as large S velocity increases via phase change 
from Pv to isotropic pPv in multi-mineralic assemblages, whereas it is relatively 
straightforward to generate such velocity jumps using subducted oceanic crust. On 
the other hand, in the Caribbean, the waveform polarities and amplitudes are best 
fit by a phase change from Pv to isotropic pPv. For example, in the event shown 
in Fig.  13.9, from a sample of 1 million synthetic thermo-chemical models, the 
proportion of models generating a VP decrease of 1  ±  0.5  % and VS increase  
of 2 ±  1 % via conversion of Pv to pPv within a multi-mineralic assemblage is 
21  %, whereas the percentage of models which generate these velocity changes 
via reflection off basaltic material is 0.04 %. The percentage of models which fit 
only the polarities (i.e. positive SdS and negative PdP regardless of the amplitude) 
via conversion of Pv to pPv is 91 %, compared with 4 % via reflections off basaltic 
material.

Overall, we can surmise that post-perovskite can fit the apparent velocity 
jumps at the D″ discontinuity (a) globally, if anisotropy is involved, or (b) only 
in specific locations, if isotropic. The latter scenario requires that the D″ discon-
tinuity would be generated by different structures in different regions, perhaps not 
entirely unreasonable given the thermo-chemical complexity of the CMB region, 
although Occam’s razor would favour the first scenario. In some regions (e.g. 
the Caribbean), post-perovskite appears to be the easiest way to fit the velocity 
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changes compared to alternative thermo-chemical structures. However, given 
the complexity of inverting for waveform amplitudes, we should remain open to 
other possibilities, including the effects of 3-D scattering off folded/buckled slabs  
(e.g. Hutko et  al. 2006) (i.e. short-wavelength topography). While the D″ 
discontinuity is seismically compatible with post-perovskite, it does not yet 
provide incontrovertible evidence for it.

13.3.1.5 � Double Discontinuities

In the presence of a thermal boundary layer at the base of the mantle (Lay and 
Garnero 2004), in which the temperature increases rapidly, it has been suggested 
that a back transition of pPv to Pv may occur near the CMB (Hernlund et  al. 
2005), due to the positive Clapeyron slope of the phase boundary in the presence 
of high temperatures. If this happens, two seismic discontinuities could be gen-
erated, the upper one corresponding to the forward transformation of Pv to pPv 
and the lower one corresponding to the back transformation. Several studies have 
presented seismic evidence for such a double discontinuity beneath the Pacific 
and the Caribbean (Thomas et al. 2004a; Avants et al. 2006; Lay et al. 2006; Kito 
et al. 2007; van der Hilst et al. 2007; Hutko et al. 2008), although it is not always 
clear if the secondary waveform represents an out-of-plane arrival from a dip-
ping reflector (Flores and Lay 2005; Hutko et al. 2006) or side lobes on the first 
arrival. Flores and Lay (2005) indicated that it is more difficult to detect a veloc-
ity decrease than an increase, and for the post-perovskite transition, a decrease in 
S wave velocity is expected for the back transformation. This means that even if 
double discontinuities exist, the lower reflector may not be detected. However, 
geodynamic modelling by Hernlund et  al. (2005) predicts that the velocity con-
trast of the lower reflector should be much larger than that of the upper one, and 
theoretically, these large negative changes may be detected (e.g. Fig. 13.6). With 
careful analysis of waveform polarities and amplitudes, together with improved 

Fig. 13.9   a Waveform polarity and amplitude observations for the Caribbean, displayed as 4th-
root vespagrams (Davies et al. 1971). Top row shows real data; the PdP waveform has the oppo-
site polarity to the P and PcP waveforms, indicating a velocity decrease at D″ (see Fig. 13.8), 
while the SdS has the same polarity as the S and ScS, indicating a velocity increase at D″. The 
amplitude of the PdP relative to P and PcP, and the SdS relative to S and ScS, can be repro-
duced synthetically (second row) by assuming a −1 % velocity change in Vp and +2 % change 
in Vs at 2605 km depth. b deltaVp and deltaVs distributions for those thermo-chemical models 
from an initial set of 1 million in which both an increase in Vs and a decrease in Vp (consistent 
with the waveform polarities in a) are seen. Green transformation of Pv to pPv in a multi-miner-
alic assemblage; black stripes = change in MORB content across D″; red bars velocity changes 
consistent with the waveform amplitudes shown in a. While a large number of models in which 
there is a phase change from Pv to pPv can fit the waveform amplitudes, it is difficult to gener-
ate simultaneously large (>1 %) increases in Vs and large (>1 %) decreases in Vp via a change in 
MORB content at D″. Upper row results when the temperature is allowed to change across the 
D″ discontinuity. Lower row results when temperature is kept fixed across the discontinuity


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understanding of and ability to map discontinuity topography, interpretation of 
double discontinuities may be a fruitful area of future research. However, one 
should bear in mind, as for the upper discontinuity, a deeper discontinuity can 
have multiple causes, including ULVZs (Lay and Garnero 2007) or slabs (Thomas 
et al. 2004b), or thermal effects (Kawai and Tsuchiya 2009), and attributing it to 
post-perovskite is only appropriate with the exclusion of other explanations. If the 
lower discontinuity is indeed due to a back transformation of pPv to Pv, the depth 
between the two discontinuities should be anti-correlated (e.g. Hernlund et  al. 
2005), assuming they are not modified by chemical heterogeneity. Unfortunately, 
there are too few places yet to study this anti-correlation, but one indication of 
such anti-correlation can be seen in van der Hilst et al. (2007).

13.3.2 � Anisotropy

The anisotropic structure of the Earth’s lower mantle as derived from seismic 
observations has been discussed extensively in a number of excellent reviews 
(e.g. Kendall and Silver 1998; Wookey and Kendall 2007; Nowacki et al. 2011), 
and so we shall only summarise the features which may be pertinent to the detec-
tion of post-perovskite. Although post-perovskite is anisotropic for both P and S 
waves, the vast majority of mantle anisotropy studies are based upon S waves. This 
is because with S waves, there is the possibility to measure shear wave splitting, 
which is the difference in travel time between horizontally polarised (SH) and ver-
tically polarised (SV) waves propagating in the same direction, and can be read-
ily deduced from the radial and transverse components of a seismogram. Splitting 
occurs whenever a (polarised) transverse wave encounters an anisotropic medium; 
since P waves vibrate longitudinally, then they do not become split on encounter-
ing anisotropic media. Thus, P wave anisotropy can only be measured by multi-
azimuthal sampling of the same target region, for which data are much sparser due 
to limited source–receiver configurations.

In global studies, seismic anisotropy in the Earth may be broadly divided into 
two categories: vertically transverse isotropy (VTI), which describes the difference 
in wave speed between radially (i.e. perpendicular to the CMB) and tangentially 
(CMB-parallel) propagating waves, and azimuthal anisotropy, which describes 
the difference in horizontal wave speed as a function of azimuth at a given depth. 
Many regional studies describe anisotropic structure in terms of tilted transverse 
isotropy (TTI) which, like VTI, assumes that the anisotropy is hexagonally sym-
metric, but while VTI assumes a vertical axis of symmetry, in TTI, the axis is (as 
the name suggests) inclined from the vertical. In theory, TTI could be decomposed 
into a VTI and azimuthal components although in practice, this is not the conven-
tional parameterisation.

Global inversions for a 1-D anisotropy model assume that the anisotropy in 
the Earth is purely VTI. The degree of anisotropy at a given depth may then be 
expressed by the parameter ξ = V

2

SH
/V2

SV
. Two studies using normal modes and/
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or body waves have shown that while ξ ≈ 1 throughout most of the lower mantle, 
i.e. on average the lower mantle is nearly isotropic, in the D″ region, ξ becomes 
greater than 1 (Montagner and Kennett 1996; Panning and Romanowicz 2006). 
Since post-perovskite is more anisotropic than perovskite, then qualitatively this 
observation is compatible with the hypothesis that the D″ discontinuity is associ-
ated with a phase transformation from Pv to pPv and that there is a significant 
amount of deformed pPv in the D″ region. Panning and Romanowicz (2006) sug-
gested that such deformation could be generated by a general transition from verti-
cal to horizontal flow associated with the mechanical boundary layer of the CMB 
(e.g. as sinking slabs fold at the CMB). However, a third study by Kustowski et al. 
(2008) found that while the average VSH is greater than VSV within D″, the dif-
ference is a factor of 5 smaller than that given by Panning and Romanowicz and 
that the inferred magnitude trades off strongly with P wave velocity in the outer 
core, which may not be tightly constrained. In a further study using a Monte Carlo 
model space search, Beghein et al. (2006) found no significant departure of ξ from 
PREM. However, the normal mode data did seem to require a 1-D (VTI) P wave 
anisotropy, although Beghein et  al. (2006) noted that it trades off with density. 
Therefore, it is currently uncertain how robust the observation of ξ > 1 is.

Both global and regional seismic studies have attempted to map lateral varia-
tions in VTI at D″ depths. Although different studies do not always agree (espe-
cially in the central Pacific), and sometimes, it is not appropriate to assume the 
radial symmetry of VTI, a fairly robust feature is the observation that VSH > VSV 
(typically by 1–3  %) in parts of the circum-Pacific (e.g. Lay and Young 1991; 
Matzel et  al. 1996; Garnero and Lay 1997; Fouch et  al. 2001; Panning and 
Romanowicz 2004, 2006; Usui et  al. 2005; Thomas et  al. 2007). These circum-
Pacific regions are associated with subducted slabs. On the basis of this, Miyagi 
et al. (2010) applied their experimental observations of slip on the (001) plane in 
pPv to a geodynamic model of the lower mantle (McNamara and Zhong 2005) in 
order to compute the textural development in subducting slabs as they enter D″. 
They found that within the slabs, the (001) planes became aligned sub-parallel 
to the CMB, leading to the generation of VSH > VSV anisotropy compatible with 
seismic observations. Similar calculations by Merkel et al. (2007) which assumed 
instead slip on the (010) plane could not reproduce the seismic observations. 
However, if it is true that slip does occur on the (001) plane, then this result is 
another seismic feature of the D″ region which is compatible with the presence of 
post-perovskite.

At present, observations of azimuthal anisotropy or TTI (e.g. Maupin et  al. 
2005; Wookey et al. 2005a; Rokosky et al. 2006; Thomas et al. 2007; Wookey and 
Kendall 2008; Long 2009; Nowacki et  al. 2010) are not, per se, uniquely diag-
nostic of post-perovskite, because it is not clear how to distinguish LPO anisot-
ropy in pPv from LPO anisotropy in other minerals (i.e. magnesiowüstite) or from 
SPO (Kendall and Silver 1998; Nowacki et  al. 2011). However, we foresee that 
the most immediately applicable use of azimuthal anisotropy (in relation to post-
perovskite) would be for studies of waveform polarities and amplitudes at the 
D″ discontinuity, as implemented by Thomas et  al. (2011) (and as discussed in 
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Sect. 13.3.1.4). In order to measure anisotropy across the D″ discontinuity accu-
rately, multi-azimuthal coverage of the same region by multiple raypaths—to 
determine PdP and SdS waveforms as a function of azimuth—would be required 
(Wookey and Kendall 2008; Nowacki et  al. 2010; Thomas et  al. 2011). Multi-
azimuthal sampling would also help to constrain the 3-D morphology of topog-
raphy on the discontinuity. Currently, such studies are unfortunately hindered by 
the limited distribution of seismic arrays (and earthquakes). Even if the presence 
and orientation of azimuthal anisotropy would be accurately constrained, in order 
to demonstrate that it is the result of post-perovskite, the anisotropic velocities 
of multi-mineralic assemblages and not only pure MgSiO3 should be computed, 
together with calculations involving anisotropy in magnesiowustite rather than 
post-perovskite. Furthermore, much more work remains to be done on understand-
ing the deformation mechanisms within D″, in addition to the seismic properties of 
melt inclusions which may generate SPO.

13.3.3 � Long-Wavelength Seismic Structures

13.3.3.1 � Presence or Absence of Post-perovskite at a Global Scale

Long-wavelength seismic tomography may also provide clues about the existence 
of post-perovskite in the Earth (e.g. Houser 2007; Cobden et al. 2012; Mosca et al. 
2012). Since post-perovskite is most likely to occur near the CMB (Table 13.1), 
it is most instructive to examine tomographic models of the bottom few hundred 
kilometres of the mantle, and specifically, in order to distinguish thermal from 
chemical or mineralogical variations, then models of at least two independent seis-
mic parameters (i.e. VP, VS or density) are required, at the same spatial resolution. 
Conventionally, tomographic data are presented as maps of lateral variations in 
sound speed and density with respect to a reference model (e.g. Fig. 13.10). These 
red-and-blue maps give a clear visual display of “fast” and “slow” regions with 
respect to the reference model, but details of the distributions of seismic velocities 
are lost due to the essentially binary parameterisation of seismic structure. Another 
way of analysing the models is to compile histograms of the frequency at which 
each value of a velocity perturbation occurs at a given depth (e.g. Deschamps and 
Trampert 2003; Hernlund and Houser 2008). Histograms showing the global dis-
tributions of P velocity perturbations (dlnVP) and S velocity perturbations (dlnVS) 
with respect to PREM (Dziewonski and Anderson 1981) at 2741 km and 2981 km 
depth (Mosca 2010) are shown in Fig. 13.11. The position and shape (i.e. width 
and skew) of these histograms are influenced by two factors: (1) the amplitude 
of any lateral variations in temperature and composition, and the frequency with 
which such variations occur and (2) errors and uncertainties in the tomographic 
model used to construct the histograms. Assuming that the second factor is suf-
ficiently small relative to the first factor, we can use the histograms to place con-
straints on the thermo-chemical variations which are present at a given depth.
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Fig. 13.10   a Maps of dlnVP, dlnVS and dlnρ at 2600 km (upper row) and 2891 km (lower row) with 
respect to PREM, inferred from joint inversion of normal modes and body waves by Mosca et  al. 
(2012). Mosca et al. used the neighbourhood algorithm to derive probability density functions (pdfs) 
of the seismic structure at 15° intervals; the maps here display the mean of each pdf. Only the seismic 
structure corresponding to even spherical harmonic degrees 0, 2, 4 and 6 was calculated. b Conversion 
of seismic structure into probabilistic maps of temperature, iron, post-perovskite and silicate variations 
at 2600 km (upper row) and 2891 km (lower row) by Mosca et al. (2012) using the Metropolis–Hast-
ings algorithm (Mosegaard and Tarantola 1995). pdfs of the thermo-chemical structure were calculated 
at 15° intervals; the maps show the mean of each pdf within a given 15° bin. dFe refers to the volumet-
ric change in iron-bearing minerals (FeSiO3) perovskite and post-perovskite and FeO wüstite. dsilica 
refers to the volumetric change in Si-bearing minerals (Mg, Fe)SiO3 perovskite and post-perovskite, 
CaSiO3 calcium perovskite, and free SiO2. dpPv refers to the percentage change in pPv within the (Mg, 
Fe)SiO3 perovskite and post-perovskite phases. Note that at 2600 km, the seismic reference model con-
tains ~67 ± 20 % pPv, while at 2891 km, it contains 63 ± 23 % pPv (see Fig. 13 in Mosca et al. 2012)
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The histograms in Fig.  13.11 were generated from body wave travel time 
observations (Ritsema and van Heijst 2002) using a procedure known as the path 
average approximation (Mosca and Trampert 2009). This approximation allows 
us to map lateral velocity perturbations within a narrow depth interval (narrower 
than conventional tomography) but with a correspondingly large uncertainty. By 
benchmarking the travel time anomalies given by the path average approxima-
tion against those generated by the more conventional ray and finite-frequency 
theory, the standard deviation of these uncertainties can be estimated (Mosca and 
Trampert 2009). Thereafter, for any thermo-chemical modelling aimed at fitting 
the histograms in Fig.  13.11, we can apply a correction to the synthetic models 
which takes into account the seismic uncertainties of the real data. This makes 
comparison between seismic data and thermo-chemical structures more consistent.

The path average approximation (PAVA) for body waves is most appropriate 
when the ray paths have a global coverage with no azimuthal bias and a tightly 
constrained turning depth. In this respect, P and S waves that diffract along the 
CMB (Pdiff and Sdiff) are ideal, because we know that they bottom at the CMB, 
and data are available with a global coverage (Ritsema and van Heijst 2002). 
Furthermore, the PAVA becomes more accurate the longer the waves spend at their 
turning depth, and P and S diffracted waves can travel long distances along the 
CMB before returning to shallower mantle. In Cobden et al. (2012), we attempted 
to construct sets of thermo-chemical variations which would reproduce the global 
distributions of dlnVP, dlnVS and R =  dlnVP/dlnVS obtained from Pdiff and Sdiff 
arrivals (Fig.  13.11, 2891  km). In this paper, we also show results from similar 
calculations performed for P and S waves with bottoming depth of ~2741  km 
(Fig. 13.11, 2741 km). The uncertainty in the ray turning depth is greater at this 
depth (a slowness range of ±0.5  s/deg is used) than at the CMB, and the ray 
coverage is also less dense, so the contribution of seismic uncertainties to the 
histograms is greater. At shallower depths  than this, the ray coverage becomes 
too biased to represent the global structure so no thermo-chemical modelling is 
undertaken.

For each of the two depths considered, the seismic velocities corresponding to 
a given thermo-chemical structure are calculated using the mineral elastic param-
eters and equation of state given in (Stixrude and Lithgow-Bertelloni 2005; Xu 
et al. 2008; Stixrude and Lithgow-Bertelloni 2011). In order to compute seismic 
derivatives dlnVP and dlnVS, we first generate a set of “reference models”, whose 
temperature and mineralogy are chosen at random within broad but pre-defined 
ranges (see Cobden et  al. 2012 for details), of which only those whose seismic 
properties fit PREM to within 1 % are retained (since this was the reference model 
used in the real seismic data). For each retained reference model, we then gener-
ate an associated “perturbed model”, whose temperature and mineralogy are again 
chosen at random. We assume that the finite difference in VP and VS between the 
reference and perturbed model is approximately equal to dlnVP and dlnVS. We 
compute sets of up to 800,000 initial reference and perturbed model pairs and 
thus 800,000 values of dlnVP and dlnVS from which we can construct histograms 
of their frequency distribution. Although the seismic properties of the synthetic 
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models follow a much broader and more uniform distribution than the histograms 
in Fig.  13.11, due to the broad range of permitted thermo-chemical variations, 
a fitting procedure called the Metropolis–Hastings algorithm (Mosegaard and 
Tarantola 1995) can be used to extract a subset of these models which fit the fre-
quency distributions of the real seismic data as closely as possible. Immediately 
prior to performing the Metropolis–Hastings (M-H) algorithm, seismic uncertain-
ties following a normal distribution, with a standard deviation given by the uncer-
tainty of the PAVA at that depth, are added to the synthetic seismic velocities.

We produced several different sets of 800,000 models. In one set, we specified 
that no post-perovskite should be present, and in another set, we allowed a mixture 
of both perovskite and post-perovskite. At the CMB, we also created a set of mod-
els in which no perovskite was present. We then compared the relative fit of the 
different sets to the histograms of Fig. 13.11. Although with all of the sets of mod-
els, it is possible to extract a subset which reproduces the real data histograms to 
more than 90 %, when we studied the seismic uncertainties of the accepted mod-
els, we found significant biases in the uncertainties of the “no post-perovskite” 
models. (Fig. 13.12a) Ideally, if a set of thermo-chemical models is fitting the seis-
mic data due to its underlying thermo-chemical properties, then the mean of the 
uncertainties should be 0, since this was the mean of the uncertainties before data 
fitting. For the “no post-perovskite” models at 2891 km, the mean of the uncer-
tainties is shifted by more than half a standard deviation towards negative values 
in dlnVP and positive values in dlnVS (Fig. 13.12a). At 2741 km, the bias in the 
uncertainties is still present, although the effect is smaller. For models containing 
a mixture of Pv and pPv, the uncertainties are much less biased, and at 2891 km, 
no significant difference can be seen for models which contain a mixture of Pv and 
pPv and models which contain no Pv. This result can be taken as an indication that 
a pPv-bearing CMB region fits the seismic data better than a pPv-free one.

For models in which both Pv and pPv were present, we allowed the percentage 
of pPv in the reference models to vary randomly between 0 and 100 %. The pPv 
contents for those (reference) models which were accepted by the M-H algorithm 
are shown in Fig. 13.12b. At 2891 km, the distribution has a strong negative skew 
with a peak at 75–80 % pPv. At 2741 km, the skew is weaker and the modal histo-
gram bin is at 65–70 % pPv. The fact that most models favour a large percentage 
of pPv to be present is supportive of the hypothesis that a significant amount of 
pPv is present within D″. The fact that the distribution becomes more uniform at 
2741 km compared to 2891 km, with a peak at a lower percentage of pPv, taken 
together with a smaller misfit of the P and S velocity uncertainties (Fig. 13.12a), is 
consistent with having a lower overall amount of pPv at a depth of 2741 km than 
at 2891 km. We find that it is particularly difficult to generate models which fit 
PREM within 1 % at 2891 km when there is zero or little post-perovskite, because 
the elastic parameters of the other minerals present favour very low temperatures 
(c. 2000 K) which are unlikely to occur near the CMB.

A related study by Mosca et  al. (2012) combined body wave travel times 
with normal mode observations to generate a probabilistic tomography model 
of the lowermost mantle (Fig.  13.10). The inclusion of normal modes provides 
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constraints on the density structure ρ in addition to VP and VS. Using the M-H 
algorithm, Mosca et al. (2012) converted the probability density functions (pdfs) 
of VP, VS and ρ at each node of the tomography model into pdfs of temperature, 
iron, pPv and silicate variations, with the mean of the pdfs being indicative of 
the most likely value of dT, dFe, dpPv and dsilicate at each node (Fig. 13.10b). 
Mosca et al. found that the mean degree 0 structure of the models fitting the seis-
mic data pdfs contained 67 % pPv at 2819 km (with a standard deviation of 20 %) 
and 63 % pPv (with standard deviation 23 %) at 2600 km. Given that the calcula-
tions involved a different data set (i.e. normal modes) and slightly different depth 
parameterisation than the PAVA calculations, these results are reasonably con-
sistent with the PAVA calculations and again show a slight decrease in the total 
amount of pPv near the top of D″ compared to next to the CMB.
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Fig. 13.12   a Means (squares) and standard deviations (lines) of seismic uncertainties of thermo-
chemical models. Black uncertainty distribution before applying Metropolis–Hastings algorithm. 
Colours uncertainty distribution of accepted models after M-H. Blue Pv and pPv present; red no 
pPv present; green no Pv present. b Distribution of %pPv in the reference models used to gen-
erate seismic derivatives, which fit PREM within 1 % and are accepted by the M-H algorithm. 
%pPv refers to the volumetric percentage of pPv within the (Mg, Fe)SiO3 perovskite and post-
perovskite phases
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13.3.3.2 � Lateral Variations in Post-perovskite Content

At 2891  km, we performed a simple cluster analysis (Sparks 1973) of the Pdiff 
and Sdiff travel time perturbations as a function of latitude and longitude, to divide 
the Earth into 4 regions possessing similar seismic characteristics (Cobden et al. 
2012). One region corresponded to the position of the two large low-shear wave 
velocity provinces (LLSVP) under Africa and the Pacific and another correlated 
with fast circum-Pacific regions associated with subducted slabs. We found that 
in all four regions, “no post-perovskite” mantle models had a greater misfit to the 
seismic data than post-perovskite-bearing models, and thus, with this method, we 
could not detect a preference for post-perovskite to be located in a particular geo-
graphic area (such as inside or outside the LLSVPs). The tomography models of 
Mosca et al. (2012), however, do provide insights into the likely lateral variations 
of pPv content, at 2600 and 2891 km (Fig. 13.10b). These probabilistic maps show 
that lateral variations in pPv content correlate strongly with dlnVS, but less so with 
dlnVP or density. At 2600 km, dpPv is most positive (and hence the total volume of 
pPv most likely to be highest) in the northwest and eastern margins of the Pacific, 
including the Caribbean, as well as throughout most of Eurasia and the Indian 
Ocean. dpPv is most negative (i.e. the total amount of pPv is most likely to be 
lowest) in the central and south-west Pacific, and beneath Africa. At 2891 km, the 
amplitude of negative variations decreases, but the pattern of positive and negative 
variations becomes more complex.

The patterns of pPv variations at 2600  km are very broadly compatible with 
observations of VTI anisotropy (Vsh  >  Vsv) in the circum-Pacific (Sect.  13.3.2), 
and the idea that post-perovskite is most likely to be found in subducted slabs 
(whereby the anisotropy arises from slab deformation). That the two sets of 
observations do not agree exactly is not surprising when differences in the spa-
tial resolution and parameterisation between regional anisotropy studies and global 
tomography inversions are taken into account. In particular, the tomography study 
of Mosca et al. (2012) inverts only for the even spherical harmonic degrees, 0, 2, 4 
and 6, while at the same time, the structure is averaged vertically over depth inter-
vals of ~300 km. In future, inclusion of odd degrees and a finer depth resolution 
could allow a closer comparison between regional and global seismic studies.

Post-perovskite has been predicted to be most abundant in slabs due to their 
colder temperature—the positive Clapeyron slope of the phase transition could 
restrict pPv to only the colder parts of the D″ region (e.g. Wookey et al. 2005b). 
Yet, in the models of Mosca et al. (2012), the correlation between dT and dpPv is 
positive instead of negative. This could be indicative of a more dominant influence 
by chemistry than temperature on the appearance of pPv inside the Earth (although 
at the same time, dpPv does not correlate strongly with dFe). However, it is worth 
noting that one of the main restrictions of the modelling procedure of both Cobden 
et  al. (2012) and Mosca et  al. (2012) is that mineral abundances are varied ran-
domly with no imposed phase equilibria. Thus, it is possible (and indeed likely) 
that we generated thermo-chemical combinations which are not thermodynami-
cally stable. On the other hand, as we showed in Sect. 13.2.1, it is not meaningful 
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to impose phase equilibria, when the structure of the Pv–pPv phase boundary 
remains so highly unconstrained, and doing so will simply force the solution 
towards a biased answer which does not reflect the full uncertainty of the model. 
Furthermore, the existence of mechanical mixtures of different compositions (Xu 
et al. 2008) could produce bulk mineralogies which would not actually be thermo-
dynamically stable as a uniform assemblage. The results presented in this section 
rely additionally on the accuracy of the assumed mineral elastic parameters. We 
have used one of the most comprehensive and self-consistent data sets currently 
available (Stixrude and Lithgow-Bertelloni 2011), but some of the parameters 
are not yet tightly constrained by experiments (e.g. shear velocities of post-per-
ovskite; see Sect. 13.2.3) and may change significantly in the future. While there 
is a chance that this could impact our interpretation, we do not anticipate major 
changes, since we have been working with velocity perturbations, which are sev-
eral times less sensitive to changes in elastic parameters than absolute velocities.

13.3.4 � Future Directions

The probes outlined in Sects.  13.3.1–13.3.3 have primarily been derived using 
classical methods (e.g. 1-D reflectivity forward modelling of waveform stacks 
for the seismic discontinuities and ray theory for the tomography models) which 
aim to fit the timing, amplitude or polarity of specific wave phases. A more accu-
rate, but computationally demanding, approach is to reconstruct the entire seis-
mic waveform, i.e. full-waveform inversion. This approach has the advantage that 
weak or overlapping phases, which are difficult to observe with classical methods, 
are included in the analysis, and subjective data-picking errors are avoided. For 
example, in traditional discontinuity studies of PdP and SdS phases, there may be 
a bias towards observing velocity increases over decreases (Fig. 13.6, Gaherty and 
Lay 1992; Flores and Lay 2005) and towards accumulating the most observations 
in regions with the strongest amplitude reflections (Lay and Garnero 2011). While 
more complete descriptions of seismic wave propagation have been developed in 
recent years, including the computation of finite-frequency kernels (e.g. Montelli 
et  al. 2004; Panning and Romanowicz 2006) and full-waveform inversions (e.g. 
Fichtner et  al. 2010), for the lowermost mantle, these methods are still in the 
early stages of development (e.g. Fuji et al. 2012) and have not yet been used to 
map  3-D seismic structure. However, they have been used to construct regional 
1-D profiles of the S wave speed within D″ in regions of dense data coverage (e.g. 
Kawai et al. 2007a, b, 2010; Konishi et al. 2009; Kawai and Geller 2010; Konishi 
et  al. 2012). These 1-D profiles are inevitably smooth and oscillatory in appear-
ance and cannot distinguish sharp discontinuities from gradual changes in wave 
speed. They are qualitatively consistent with discontinuity studies (Sect.  13.3.1) 
in that they tend to show an increase in S wave speed ~200–400  km above the 
CMB, which is broadly compatible with a phase change from perovskite to post-
perovskite. In order to be diagnostic of the presence or absence of post-perovskite, 
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and with no information about the sharpness of the S wave speed changes, then 
in future, additional information about the P wave speed structure or the density 
structure is required, preferably in three dimensions.

13.4 � Conclusions

We have seen that a wide range of seismic observations on different length scales 
are compatible with the presence of post-perovskite inside the Earth and with the 
hypothesis that the D″ discontinuity is (at least partially) associated with a phase 
change from perovskite to post-perovskite. Although every set of seismic observa-
tions has significant uncertainties, and although a compatibility between seismic 
observations and the physical properties of post-perovskite does not exclude all 
other physical explanations for the seismic structure, the fact that multiple data 
types and data inversions can be reconciled with the existence of post-perovskite, 
in some cases more readily than without post-perovskite, provides a strong case 
that the mineral is indeed present in the lowermost mantle. We anticipate that in 
seismology, multi-azimuthal studies of anisotropy will play an important role in 
further constraining deep mantle mineralogical structures, while full-waveform 
inversion methods may eventually have the capacity to image 3-D seismic struc-
tures in D″ at high resolution. In mineral physics, the phase equilibria between 
perovskite and post-perovskite are, at present, controversial. However, we expect 
that with the accumulation of more data, in particular, investigations of mixed-
phase assemblages and calibration of the rate of conversion of Pv to pPv with 
increasing pressure, we will eventually converge on a consistent model of the 
phase equilibria, which can be applied directly to seismic observations.
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