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We observe that the depths of the 410 and 660 km seismic discontinuities are, on average, slightly positively
correlated globally. This is due in large part to a modestly depressed 660 km discontinuity and a large
depression of the 410 km discontinuity across the Pacific. The Clapeyron slope (dP/dT), the change in
pressure (depth) of a phase transition with a change in temperature, can be used to predict the depth of a
phase transformation assuming lateral temperature variations. The phase change of olivine to β-spinel is
well understood experimentally, almost certainly produces the 410 km discontinuity, and has a positive
Clapeyron slope. At the base of the transition zone, both the olivine component of the mantle (γ-spinel) and
the pyroxene component (garnet) transform to perovskite and periclase. Observations of 660 km
discontinuity depths are often consistent with the negative Clapeyron slope of the γ-spinel to perovskite
and periclase transition, with an apparent anti-correlation with the depth of the 410 km discontinuity.
However, under the Pacific, the depression of the 410 km discontinuity and slow seismic velocities indicate
that the mantle is warmer than average. Using a negative Clapeyron slope for the perovskite-forming
reaction, the 660 km discontinuity is predicted to be shallow in this region. However, we observe that it is
either depressed or has little deflection from its average depth. We find that if the Clapeyron slope associated
with the 660 km discontinuity changes sign from negative to positive between 1920 and 2020 K, we can
explain the correlation of discontinuity structure with seismic velocities in the transition zone. This shift in
sign is in accord with the dominant 660 km transition-forming reaction shifting from γ-spinel to garnet near
this temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the first comprehensive studies of the 1D structure of the
Earth (Jeffreys and Bullen, 1940), it has been observed that there are
rapid increases in seismic velocities in the depth range between 400
and 700 km depth. By the 1960s, predictions from mineral physics
based on analog compounds placed phase changes in the olivine
component of the mantle within this depth range (Anderson, 1967).
The possibility that the mantle might undergo layered convection
often involved a connection between these seismic discontinuities
and a possible chemical boundary layer. However, the agreement
between mineral physics experiments and the global mapping of the
seismic discontinuities at approximately 410 km and 660 km depth
has led to the acceptance of these features as due predominantly to
the phase transformations from olivine to β-spinel, and γ-spinel to
perovskite and periclase, respectively. Hence, considerable effort has
been devoted to determining accurate values of the Clapeyron slopes
of these transitions (Stixrude, 1997; Ito and Katsura, 1989; Fei et al.,

2004; Katsura et al., 2004; Akaogi et al., 2007). The Clapeyron slope,
the change in pressurewith change in temperature (dP/dT), of a phase
transformation as well as the influences of chemistry and mineralogy
on these transitions have been examined (Ita and Stixrude, 1992;
Weidner and Wang, 2000; Hirose, 2002). Meanwhile, seismic studies
have concentrated on determining the variations in the depths of the
410 and 660 km discontinuities on local and global scales as well as
other features such as the width of, and velocity contrast across the
transitions (e.g., (Shearer, 2000; Lawrence and Shearer, 2006a)).
Combining the results of mineral physics and seismology allows us
the prospect of not only constraining the absolute temperature and
bulk chemistry of the transition zone, but also their lateral variations.

One useful technique for determining the depth of the 410 and
660 kmdiscontinuities is analysis of upgoingPwaves that are converted
to Swaves at the boundary, which are known as PdS phases (d refers to
the conversion depth). The time lapse between the initial P arrival and
the converted S arrival is used to determine the discontinuity depth
assuming a 1D velocity model. This technique, known as “receiver
function” analysis (Langston, 1979), deconvolves the vertical compo-
nent P phase from the radial component SV phase to enhance and
normalize the signal of the converted phase before stacking (Vinnik,
1977). Receiver functions canprovidedetailedmapping of discontinuity
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depths in localized regions on scales of hundreds of kilometers, but only
in the vicinity of multi-component seismic stations. Some receiver
function studies combine results for many stations to find the average
transition zone thickness for large regions (Bostock, 1996; Vinnik et al.,
1996; Ramesh et al., 2002; Lebedev et al., 2003) or for the globe (Chevrot
et al., 1999; Lawrence and Shearer, 2006b). Other such studies
concentrate on specific tectonic environments and often map topogra-
phy as a function of azimuth around a station. Studies beneath hot spots
in the Pacific (Shen et al., 1998; Owens et al., 2000; Li et al., 2000a; Li
et al., 2003; Hooft et al., 2003) generally have found that the transition
zone thins beneath these regions. However, subduction zone studies (Li
et al., 2000b; Collier et al., 2001; Lebedev et al., 2002; Saita et al., 2002; Ai
et al., 2003; van der Meijde et al., 2005; Ramesh et al., 2005; Tonegawa
et al., 2005) find that the transition zone thickens in these cold regions.
For comprehensive reviews of transition zone structure see Helffrich
(2000) and Shearer (2000).

Global mapping of topography of the 410 and 660 km disconti-
nuities became possible in the early 1990s due to the expansion of the
global seismic network. Revenaugh and Jordan (1991) used ScS
reverberations while Shearer (1991) used stacks of long-period
records to determine topography on the 410 and 660 km disconti-
nuities. Both studies found peak-to-peak topography on the disconti-
nuities to be no more than 25 km for long wavelengths. This low
amplitude topography provided definitive evidence that the transi-
tion zone discontinuities are not due to a chemical boundary, which
would have larger topography in response to dynamic deformation
from convective upwellings and downwellings, including subduction.

Here, we use underside reflections off the 410 and 660 km
discontinuities which arrive as precursors to SS, the surface reflection
of the S phase (Fig. 1). Initial SS precursor studies found ∼30 km peak-
to-peak topographyon the410and660 kmdiscontinuities (Shearer and
Masters, 1992; Shearer, 1993). These analyses were later expanded
uponwithmoredata forSSprecursors (FlanaganandShearer, 1998) and
PP precursors (Flanagan and Shearer, 1999). Gu et al. (1998) and Gu
et al. (2003) also mapped global 410 and 660 km discontinuity
topography with SS precursors using a different methodology than
thatof Flanagan and Shearer (1998).However, both groups'maps of 410
and 660 km discontinuity topography and hence transition zone
thickness are highly correlated. Recently, Chambers et al. (2005) used
P410P and S410S to produce individual and joint maps of global 410 km
discontinuity topography with features that differ from the previous SS
precursor studies. Houser et al. (2008a), using SS precursors, found the
410 and 660 km discontinuities are uncorrelated or only slightly
correlated at global scales. This result was also noted by Gu et al.
(1998), and requires an explanation since SS precursors are the main
type of data providing global coverage of both discontinuities. However,
SS precursors can resolve only the longwavelength features (thousands
of kilometers) of the discontinuities due to the broad extent of the

Fresnel zone at their bounce point. Lawrence and Shearer (2008) use a
more rigorous mapping of SS precursor times to their Fresnel zone
pattern by implementing finite frequency kernels, and still find similar
patternsof topographyof thediscontinuities as theprevious ray-theory-
based studies.

The importance of the observed correlation of 410 and 660 km
discontinuity topography is that they are generally expected to be
anti-correlated based on most mineral physics studies. The phase
transformation of olivine to β spinel is well known to have a positive
Clapeyron slope (dP/dT), such that higher temperatures will move the
phase transformation to higher pressures (i.e. greater depth) (e.g.,
(Akaogi et al., 2007)). Likewise, colder temperatures will move the
phase transformation to lower pressures (i.e. shallower depths). This
relationship is reversed for the 660 km discontinuity as the phase
transformation of γ-spinel to perovskite and periclase is known to
have a negative Clapeyron slope (Akaogi et al., 2007). Therefore, a
coherent, (Mg,Fe)2SiO4 dominated, and through-going thermal
anomaly is expected to produce anti-correlated topography of the
410 and 660 km discontinuities. As described above, most studies of
topography in regions with thermal anomalies (hot spots and
subduction zones) do show the expected anti-correlated discontinu-
ity topography. Despite the chemical heterogeneity in these regions,
especially in subduction zones, the discontinuities appear to be
dominantly influenced by the thermal structure coupled with the
phase diagram of olivine. Hence, we have a conundrum: how does the
long wavelength structure of the mantle lead to correlated or non-
correlated 410 and 660 km discontinuity topographies when mantle
structural variations are likely dominantly thermal?

To answer this question, we first examine the geographic patterns
of the discontinuities to reveal where they are themost correlated and
anti-correlated. Then, we examine the relationship of the discontinu-
ity topography to the shear velocity structure in the transition zone.
We find that the main deviation from the predicted anti-correlated
topography occurs under the Pacific plate where there is a depression
of the 410 km discontinuity along with low shear wave speeds. Thus,
under the Pacific, an associated rise in the 660 kmdiscontinuity would
be expected, but instead it is flat or depressed in this region. We
combine this observation with mineral physics studies of the
transition zone phases at high temperature to conclude that the
warm transition zone under the Pacific causes an aluminous mantle
assemblage to be dominated by majorite which then transforms to
perovskite with a small positive Clapeyron slope (Hirose, 2002), and
that the SS precursors predominantly reflect off of this majorite to
perovskite transition. As a result, the 410 and 660 km discontinuities
are anti-correlated in cold subduction zones and, on average, are
slightly positively correlated in hot regions. Since the subduction
zones are relatively narrow features relative to the broad warm
regions, the positive correlation dominates at long wavelengths.
Hence, the correlation of these discontinuities, absent major non-
adiabatic vertical temperature perturbations between 410 and
660 km, may provide a constraint on the nature of the 660 km
discontinuity at different regions of the planet.

2. Topography maps

We use the latest maps of discontinuity topography and transition
zone thickness fromHouser et al. (2008a) and briefly summarize their
data and methods here. The data consist of SS phases that span from
1976 to 2005. The 1976–1995 data are those compiled by Flanagan
and Shearer (2000) (13,500 traces) and the 1995–2005 data are those
compiled by Houser et al. (2008b) (26,300 traces). Houser et al.
(2008a) combined the SS phases from these two studies to assemble
the largest compilation of SS phases to date. Since the shear
impedance contrasts that define the 410 and 660 km discontinuities
are around 4% and 8%, respectively, for PREM (Dziewonski and
Anderson, 1981) or 6–12% and 7–13% (Shearer and Flanagan, 1999),

Fig. 1. Top: ray geometry of SS precursors. Bottom: actual precursor stack used in this
study from the NW Pacific including 445 seismograms. There is a time gap between the
main SS arrival and the precursors.
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the reflected phases from these discontinuities tend to be small in
amplitude. Thus, the traces must be aligned and stacked to amplify
their signal above the noise level of most seismograms. The alignment
and stacking procedure is described in Flanagan and Shearer (2000),
and the modifications to their algorithm are given in Houser et al.
(2008a). All the traces that fall in a circular 5∘ radius bin are aligned on
the peak of the SS phase and then stacked, resulting in stacked traces
with approximately 5∘ spacing for the entire globe and can be found
on the corresponding author's website. However, bins with less than 6
traces per stack are not included in the mapping, and thus some
regions, such as off the west coast of South America, are sparsely
covered. The depths are determined by measuring the differential SS-
SdS time where SdS is the SS phase that is reflected off of a
discontinuity at depth, d. The times are converted to depths from
predicted travel times for precursor arrivals using PREM (Dziewonski
and Anderson, 1981) and have been corrected for the global crustal
model CRUST 2.0 of Laske et al., (http://mahi.ucsd.edu/Gabi/rem.dir/
crust/crust2.html). The 410 and 660 km discontinuity topography has
also been corrected for velocity structure in the upper mantle and
transition zone using shear tomographic model HMSL-S06 (Houser
et al., 2008b).

Themaps of 410 and 660 km discontinuity topography are provided
in Fig. 2. Spherical splines are computed from the cap measurements
and interpolated at regular intervals of 5∘ in longitude and latitude. The
splines minimize the squared Laplacian integrated over the sphere and
thus smooth out short wavelength (high harmonic degree) structure
(Parker, 1994). Fitting our data to χ2/N of 0.5 results in a model that is
the equivalent of a spherical harmonic truncation at about degree
twenty. Theblack line in thebottomgraphof Fig. 2 shows thecorrelation
of the 410 and 660 km discontinuity maps as a function of spherical
harmonic degree. This approach reveals that the two discontinuities are
non-correlated or slightly positively correlated on a global scale at long
wavelengths. Since this study concentrates on observations under the
Pacific plate,wealso plot a theoretical correlation (grey line) for the case
that the 660 km discontinuity topography is anti-correlated to that of
the 410 km discontinuity under the Pacific plate. This theoretical case
demonstrates that the pattern under the Pacific has a large effect on the
low-order harmonics. Thus, if it is possible to bring the topography and
shear velocity observations under the Pacific into accord with the
current knowledge of phase changes in the transition zone, thenwe can
reconcile the non-correlation seen at global scales with the anti-
correlation observed at regional scales.

A number of regional studies do find that the discontinuities are
anti-correlated in subduction zones, and this anti-correlation is also
seen in the long wavelength topography along the western Pacific.
The 410 km discontinuity is shallow and the 660 km discontinuity is
depressed along a swath spanning from New Zealand up to Tonga–
Fiji, across to Sumatra, and extending from southeast Asia up to the
Aleutian Islands. The 660 km discontinuity is depressed underneath
South America as well, but there is little topography on the 410 km
discontinuity in this region. However, a detailed look at the northern
part of South America using SS precursors shows that the 410 and
660 km discontinuities are mostly correlated except for across the
northernmost tip of the continent (Schmerr and Garnero, 2007). One
of the most striking features of the 660 km discontinuity is the
extremely shallow region under eastern Africa which is accompanied
by a slight rise in the 410 km discontinuity, resulting in a thin
transition zone. Initial receiver function studies of this region showed
an average transition zone thickness (Nyblade et al., 2000). However,
more recent work using a larger dataset (Benoit et al., 2006) finds that
the 410 km discontinuity reflection, while weak, appears to be slightly
depressed with a large rise (∼20 km) of the 660 km discontinuity
which would indicate a thermal origin for the transition zone
thinning. The 410 km and 660 km discontinuities are both shallow
near Antarctica and under western North America. Surprisingly, the
most prominent feature of the 410 km discontinuity topography, a

large depression under most of the central and western Pacific plate,
has no expression in the 660 km discontinuity topography. The Pacific
plate encompasses a large portion of the Earth and this non-
correlation beneath the Pacific plate is a major contributor to the
global observation of non-correlated discontinuity topography at low
harmonic degrees.

Since the topographymaps have been corrected for crust and upper
mantle structure, it is necessary to evaluate whether features in the
topography maps could be due to artifacts associated with these
corrections. The application of these corrections and their effects are
described in Houser et al. (2008a). The corrections are necessary since
the travel time variations from crustal structure and discontinuity

Fig. 2. Deviations from the average 410 and 660 km discontinuity depth corrected for
CRUST 2.0 and the 6° shear velocity model described in Houser et al. (2008a). The map
is computed using spherical splines which are equivalent to a spherical harmonic
expansion out to degree 20. The average depths of the 410 and 660 km discontinuities
are 410 km and 650 km respectively, resulting in an average transition zone thickness
of 240 km using 20 s PREM. Bottom: blackline, correlation of the above 410 and 660 km
discontinuity topography versus harmonic degree. From the expected Clapeyron
slopes, the 410 and 660 km discontinuities should be anti-correlated for a vertically
coherent thermal anomaly. Grey line, correlation of the discontinuities if the 660 km
discontinuity were anti-correlated to the 410 km discontinuity under the Pacific plate.
The dashed lines represent the 90% significance level for positive and negative
correlations.
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topographyare both on theorder of a fewseconds, andhence the crustal
structure could bias the discontinuity depths by 10's of kilometers. To
make the crust correction, we determine the two-way travel time
through the CRUST 2.0 model (Laske et al., http://mahi.ucsd.edu/Gabi/
rem.dir/crust/crust2.html) and subtract it from both the SS-S410S and
the SS-S660S times. Likewise, for thevelocity correction,wecalculate the
predicted two-way travel time anomaly of an S wave passing through
the upper mantle of the shear velocity model HMSL-S06 (Houser et al.,
2008b). Both the SS-S410S and the SS-S660S times are corrected for
upper mantle velocity structure. In addition, the SS-S660S times are
corrected for velocity anomalies within the transition zone. However,
this signal is rather small compared to the topography signal. The Large
Low Shear Velocity Provinces (LLSVP) at the base of the mantle have a
negligible effect on our results since approximately 95% of our SS
waveforms turn above 2100 kmdepth. The longwavelength features of
the recent generation of tomographic models are in relatively good
agreement, so the results reported here do not depend strongly on the
particular shear velocitymodel used for the uppermantle and transition
zone corrections. The removal of the predicted crust and upper mantle
velocity signal will be projected onto the topography of both
discontinuities. Thus, regions of anti-correlation or non-correlation are
not due to the corrections, despite the Pacific-shaped depression of the
410 km discontinuity.

The shear velocity structure provides the closest approximation to
the thermal structure in the transition zone. In the upper mantle,

subducting slabs are too narrow to be imaged by the low frequency
surface waves used to constrain the upper mantle in many
tomographic models, including HMSL-S06. The transition zone of
this model is shown in Fig. 3, along with its correlation as a function of
harmonic degree with the topography of the 410 and 660 km
discontinuities. Fast shear velocities are present under western Africa,
thewestern Pacific, and South America, with the latter two beingmost
likely due to the collection of cold, oceanic lithosphere, although the
chemical heterogeneity of the subducting plate can affect shear
velocities as well. Slow velocities are found beneath eastern Africa,
Eurasia, Antarctica, and the northern Pacific. The lack of correlation
between the 410 km discontinuity and tomography led Houser et al.
(2008a) to conclude that there may be a chemical effect within that
depth range that supersedes the thermal effect. However, comparing
the maps in Figs. 2 and 3, it appears that the 410 km discontinuity
behavior is not as unusual as that of the 660 km discontinuity outside
of subduction zones. Hence, the apparently anomalous behavior is
largely confined to the 660 km discontinuity.

The 660 km discontinuity topography has its highest correlation
with shear velocity structure at degree two, due to its depression in
the western Pacific which is associated with zones of high shear wave
speeds, and hence likely cold temperatures. The emergence of high
shear wave speeds at the bottom of the transition zone corresponding
to the subduction zones in the western Pacific, along with the
depression of the 660 km discontinuity, are the main lines of evidence

Fig. 3. Top: the correlation of 410 km discontinuity topography and velocity structure in the layer between 400 and 530 km versus harmonic degree. Middle: the correlation of our
660 km discontinuity topography and velocity structure in the layer between 530 and 660 km versus harmonic degree. Bottom: 6∘ shear velocity model based on Houser et al.
(2008b) for layers in the transition zone.
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that subducting slabs can reside for extended periods in the transition
zone before entering the lower mantle (Fukao et al, 2009). The rise in
the 410 km discontinuity in this region is much smaller in amplitude
and lateral extent than the depression of the 660 km discontinuity,
resulting in a much smaller correlation with velocity at degree two.

The depression of the 410 km discontinuity under the Pacific
coincides with the low shear wave velocities that span from Antarctica
to the northwest Pacific. This low velocity structure actually is part of a
larger low velocity structure that extends from around 350–1000 km
depth under the Pacific. The authors are currently investigating the
dynamic implications and the 3D structure of this feature. These low
shear velocities indicate that the Pacific is underlain bywarmmaterial in
the transition zone. Thus, the depression of the 410 km discontinuity
should, under the standard view of a positive Clapeyron slope for the
410 km discontinuity-forming transition and a negative Clapeyron slope
for the 660 km discontinuity-forming transition, be accompanied by a
rise in the 660 km discontinuity. However, we observe that the 660 km
discontinuity is slightlydepressedunder thePacific,with the exceptionof
a few patches which are flat or raised in topography.

In order to better understand the complexities of the discontinuities
and associated seismic structures, we have globally mapped the sign of
410 and660 kmdiscontinuity topography, and correlated these patterns
with whether seismic velocity is fast or slow within the transition zone
(Fig. 4). The top and bottommaps are views of the western and eastern
hemispheres, where each circle represents the relative discontinuity
topography from the global average in each 5∘ bin from Houser et al.,
(2008a). For instance, a stacked trace that has a shallower than average
410 km discontinuity and a deeper-than-average 660 km discontinuity
will plot as dark blue if the seismic velocity is fast, or grey if the seismic
velocity is slow. Cool colors are used for fast seismic velocities andwarm
colors are used for slow seismic velocities. The seismic velocity used is
the average of the two layers within the transition zone of the shear
model HMSL-S06. The grey regions indicate that neither the 410 nor the
660 km discontinuity are in agreement with the seismic velocity based
on a positive Clapeyron slope for the 410 km discontinuity, and a
negative Clapeyron slope for the 660 km discontinuity.

While Fig. 4 is complicated, some patterns do emerge. Cool colors
dominate the western Pacific and are abundant in the mid-Atlantic
and Indian oceans, while warm colors dominate the central Pacific,
eastern Africa, and central Eurasia. Dark blue regions represent areas
with depressed/elevated 660/410 km discontinuity topography and
high shear velocity. Thus, dark blue areas are thought to result from
cool oceanic slabs passing through the transition zone causing an anti-
correlation of the discontinuity topography. Light blue regions are also
found near subduction zones and may be due to slab ponding where
the 660 km discontinuity is depressed, but the 410 km discontinuity
above it may have been chemically affected by the slab. The orange
regions (i.e. the seismic velocity is slow, the 410 km discontinuity is
deep, and the 660 km discontinuity is shallow) indicate warm areas
where the discontinuity topography agrees with opposite Clapeyron
slopes of the two transitions. The dark red regions, with depressed
410 and 660 km discontinuities and slow velocities, are particularly
interesting as they seem to be spatially correlated with the orange
regions. These red regions imply that the 660 km discontinuity may
progress from a negative slope to a positive Clapeyron slope with
increasing temperature.

While it is plausible that these complicated seismic observations
could be due to lateral variations in chemistry, it is hard to identify one
component that can explain them all. For example, the effect of
increasing the concentration of hydrogen would be tomodestly elevate
the 410 km discontinuity (Smyth and Frost, 2002), weakly depress the
660 km discontinuity (Litasov et al., 2005a), and decrease seismic
velocities (Jacobsen et al., 2004). However, the low shear velocities
under the Pacific in the transition zone are associated with a dramatic
depression of the 410 km discontinuity that is not consistent with
hydration. In addition, for water concentrations of even as high as

0.5 wt.%, the changes in discontinuity depth are rather small (∼5 km)
compared to the large observed values (∼15 km). Similarly, the effect of
lateral variations of iron content will primarily manifest themselves on
the depth of the 410 km discontinuity. Changes in the Fe-number, for
example fromFe0.12 to Fe0.08, within olivinewill produce a deepening of
∼12 km of the 410 km discontinuity (Akaogi et al., 1989; Katsura and
Ito, 1989; Ito andKatsura, 1989). In contrast, the 660 kmdiscontinuity is
fairly insensitive to shifts in iron content. However, such a decrease in
Fe-number would result in an increase in shear velocity while we
observe a decrease in shear velocity under the Pacific. Hence, there is
difficulty reconciling the patterns of the two discontinuities as well as
shear velocity with lateral changes in hydrogen or iron content.

The observed shift from anti-correlated phase boundaries to
correlated boundaries is likely due to a shift in the dominant phase
transformation from the olivine to the garnet system. Therefore, we
consider the conditions for which the 660 km discontinuity might have
a positive Clapeyron slope. Hirose (2002) found that as temperature
increases, majorite becomes progressively more abundant in pyrolitic
systems at depths of around600 km.At temperatures above1800∘C (i.e.
2073 K), the majorite to perovskite transition was observed to occur
with a positive Clapeyron slope at pressures corresponding to the
660 km discontinuity. Indeed, Weidner and Wang (1998) showed that
as Al content and temperature increase, the majorite to perovskite
transition progressively sharpens and becomes larger in amplitude,
making it a more effective reflector of seismic energy. Thus, if the slow
material in the central Pacific where the red regions are most

Fig. 4. Maps of the western and eastern hemispheres where each circle represents the
relative discontinuity topography from the global average in each 5° bin from Houser
et al. (2008a). The color-coding scheme is based on the sign of the seismic velocity
anomaly. Cool colors are used for fast seismic velocities and warm colors are used for
slow seismic velocities. The grey regions indicate that neither the 410 nor the 660 km
discontinuity are in agreement with the seismic velocity based on a positive Clapeyron
slope for the 410 km discontinuity and a negative Clapeyron slope for the 660 km
discontinuity. White regions are those with little or no coverage.
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concentrated is hot andmoderately Al rich (of order 3–5 cation percent
Al), theobserved energy reflected atdepths slightly greater than660 km
could bedue to the occurrence of themajorite to perovskite transition at
these locations.

3. Transition zone temperatures

In order to compare discontinuity depthswith seismic velocities, we
have converted both to temperature to determine possible trends and/
or correlations between the two datasets. The depths used here were
converted from SS-SdS times using the predicted travel times for
precursor arrivals from PREM (Dziewonski and Anderson, 1981). PREM
is then also used to transform discontinuity depth into pressure, with
the average temperature for each discontinuity being fixed at the
temperature along a geotherm (Brown and Shankland, 1981) for the

pressure corresponding to the average depth. This technique provides a
referencepoint fromwhich to evaluate thermal deviations. Thepressure
difference (dP) is the difference between the depths observed in each
cap from the average, and the Clapeyron slope (dP/dT) is then used to
find the change in temperature (dT) associated with the observed
change in pressure (dP). This temperature change (dT) is then added to
the absolute temperature at the average depth from the geotherm to
produce an absolute temperature for each bin location. The observed
depth of the 410 km and 660 km discontinuities for bins with less than
15 km error in depth are shown in Fig. 5, and the abovemethodology is
used to calculate the predicted temperature variations. Note that this
cutoff reduces the number of stacks from 1510 used as the basis of
Figs. 2–4 to 1065 bins. The average discontinuity depths/temperatures
we use are 410.4 km/1694 K and 650.3 km/1866 K. The Clapeyron slope
we use for the 410 km discontinuity is +3.1 MPa/K and the negative

Fig. 5. The observed depth of the 410 km (top left) and 660 km (top right) discontinuities for bins with less than 15 km error in depth. By tying the average depth to the temperature
predicted using the Brown and Shankland (1981) geotherm and a positive Clapeyron slope for the 410 km discontinuity and a negative slope for the 660 km discontinuity, we can
predict the temperature variations associated with the observed depth variations. Note that the lobe of deeper-than-average 660 km discontinuity observation maps into colder-
than-average temperatures.
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Clapeyron slope we use for the 660 km discontinuity is −2.6 MPa/K
(Akaogi et al., 2007).

However, we also evaluate the effects of different Clapeyron slopes
onour inferred temperaturedistributions: this ismotivatedby the range
in reported Clapeyron slopes for the perovskite-forming reaction;
−3.0 MPa/K (Ito and Takahashi, 1989; Irifune et al., 1998), −2.0 to
−0.4 (Katsura et al., 2003), −1.3 MPa/K (Fei et al., 2004), −0.8 to
−0.2 MPa/K (Litasov et al., 2005b). Fig. 6 demonstrateswhat happens to
the temperature distribution as the Clapeyron slope of the perovskite-
forming reaction changes between −0.5 and −3.0 MPa/K. As the
Clapeyron slope approaches zero, the temperature fluctuations neces-
sary to explain the observed depth variations become, as expected,
unrealistically high. However, even for a value of −1.5 MPa/K, the
temperature variation is around 1000 K: a range markedly higher than
the 300–500 K range usually inferred from geodynamic models
(Simmons et al., 2009). The error associated with the observed
discontinuity topography and thus in the predicted temperatures
(Figs. 5, 8, 9, 10) is provided in Fig. 7. Most bins have a 3 km error in
the measured discontinuity depth which translates to a temperature
around 60 K. Since the following analyses focus on the overall form of
the predicted temperature distributions, errors on the individual
measurements will not have a significant impact on these patterns.

Fig. 8 shows the distribution of temperatures derived from the
660 km discontinuity depths (grey) for different crossover tempera-
tures for the transition from the negative Clapeyron slope to the positive
Clapeyron slope for the 660 km discontinuity. with a positive slope of
+1.5 MPa/K (Hirose, 2002) at high temperatures. Our rationale for
using different crossover temperatures is simply because of the well-
known kinetic effects on garnet destabilization: in this instance the
experimental bound is likely an upper estimate of the true pressure of

the transition (Nishiyama and Yagi, 2003; Kubo et al., 2008).We started
with the experimentally determined value of 2073 K and stepped down
by 50 K until 1873 K where we approach the average predicted
temperatures for the 660 km discontinuity. Whether the 660 km
discontinuity is above or below the crossover temperature is deter-
mined by the adiabatic extrapolation of temperature from that
predicted by the 410 km discontinuity topography at that bin location.

Fig. 6. Histograms of the temperature distributions at the 660 km discontinuity assuming different Clapeyron slopes. As the Clapeyron slope falls below 1 MPa/K, the temperature
fluctuations necessary to explain the observed depth variations become unrealistically high. As the Clapeyron slope increases, the temperature fluctuations become increasingly
narrow. The negative Clapeyron slope we use for Figs. 7–9 is −2.6 MPa/K from Akaogi et al. (2007) and the positive slope is +1.5 MPa/K from Hirose (2002).

Fig. 7. Histogram of the measurement error of 410 km and 660 km discontinuity depth
used as the basis for Figs. 5, 8, 9, and 10, i.e. those with errors less than 15 km. The
bottom axis is the depth error and the top axis is the associated error in the predicted
temperature assuming a Clapeyron slope with a magnitude of 2.5 MPa/K.
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Thus, where the 410 km discontinuity is shallow, the 660 km
discontinuity will be predicted to be cool, and regions where the
410 km discontinuity is depressed, the 660 km discontinuity will be
predicted to be warm.

The histograms for the temperature at the 660 km discontinuity
using 2073 K as the crossover temperature between a negative and
positive Clapeyron slope are skewed to low temperatures, whereas the
temperatures from the 410 km discontinuity have a more Gaussian
distribution (Fig. 8). To demonstrate this, we have plotted the Gaussian
distribution of temperature predicted from the observed 410 km
discontinuity depths (dark black line) on top of the predicted 660 km
discontinuity temperatures. The distribution has been aligned with the
peak in the 660 kmdiscontinuity temperatures andhas been broadened
to compensate for the differences in the magnitude of the Clapeyron
slopes of the two discontinuities. Obviously, the temperature range
broadens as themagnitudeof theClapeyron slope decreases (Fig. 6). The
usage of two Clapeyron slopes allows the low temperature skew of the
660 km discontinuity temperatures to be reduced; a far closer
resemblance between the 410 and 660 km discontinuity derived
temperature distributions is produced using a crossover temperature
that is greater than ∼1923 K. The low temperature skew is particularly
pronounced in the Pacific, where we observe patches of depressed

660 km discontinuity depths where both the 410 km discontinuity
topography and seismic velocities indicate that the region is warm. If a
positive Clapeyron slope is used to evaluate the temperature of these
patches, then the distribution of temperatures from the 660 km
discontinuity becomes more Gaussian, and thus more similar to that
of the 410 km discontinuity. While it is difficult to pinpoint the precise
crossover temperature, it does appear tobebetween1920 Kand2020 K.
The 2073 K value of the crossover temperature found by (Hirose, 2002)
is on the very highest end of what we expect for an adiabatic transition
zone, and thus this crossover temperature only affects a handful of bins.
In order for the change in the sign of the Clapeyron slope of the 660 km
discontinuity to reduce the skew of the seismic observations, we find
that the crossover temperature would need to be 50–150 K lower than
that observed experimentally.

This optimal crossover temperature is, however, empirical and the
question arises of whether there are other means to assess whether a
positive or negative Clapeyron slope may be more appropriate for the
660 km discontinuity-forming transition in a given area. To test the
robustness of our result, we applied another method of determining
whether a positive or negative Clapeyron slope should be used. We
convert the shear velocity model HMSL-S06 to temperature using an
approximate sensitivity of shear velocity to temperature (dlnVs/dT) of

Fig. 8. Histograms of temperatures calculated from the observed depths of the 660 km discontinuity depths (grey). Here the depth of the 410 km discontinuity has been used to
determine which locations exceed the crossover temperature (XT). We use a positive Clapeyron slope for the bins that exceed this crossover temperature. The Gaussian distribution
of the temperatures from the 410 km discontinuity is shown by the solid black line, having been shifted to align with the peak temperature from the 660 km discontinuity depths and
broadened to compensate for the differences in the magnitude of the Clapeyron slopes. The absolute value of the difference between the distribution of temperatures from the
660 km discontinuity and the Gaussian distribution from the 410 km discontinuity is shown in the bottom left graph for each crossover temperature. The sum of the difference curve
is provided on the right side of the graph. Note: each difference curve has been offset by 50 for plotting. The crossover temperature from a negative to positive Clapeyron slope occurs
between 1923 K and 2073 K. See text for Clapeyron slopes and geotherms used.
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transition zone minerals of −7×10−5/K (Stixrude and Lithgow-
Bertelloni, 2005). To be consistent, the average discontinuity depths
are again used as the temperature tie points. In Fig. 9, the
temperatures from the 660 km discontinuity are calculated in the
same way as in Fig. 8. However, whether a positive or negative
Clapeyron slope is applied to the temperatures of the 660 km
discontinuity is determined by the inferred temperature above
660 km depth from the tomographic shear velocity anomalies. The
patterns of Fig. 9 are very similar to those of Fig. 8, and both methods
find that the distribution of temperatures at the 660 km discontinuity
most closely resembles those from the 410 km discontinuity near
∼1923 K.

The distribution of temperatures from the 660 km discontinuity for
both methods using a crossover temperature of 2073 K might seem
reasonable given that subducting slabs are likely ponding at this depth
and cooling large regions of the discontinuity relative to the 410 km
discontinuity. There are very few bins in which either the 410 km
discontinuity topography or the seismic velocity predict temperatures
exceeding 2073 K at the 660 km depth. Therefore, there is very little
effect on the distributions assuming a change in the Clapeyron slope for
the 660 km discontinuity at 2073 K. Since shallow 410 discontinuity
topography and fast shear velocities occur within most subduction
zones, both methods will predict cool temperatures for the 660 km

discontinuity topography in these regions. The skewness arises from
depressions of the 660 km discontinuity from both areas of subduction
aswell as beneath thePacific plate,whichmaps to cold temperatures. As
the crossover temperature decreases, the depressions of the 660 km
discontinuity in the Pacific get mapped into higher temperatures, thus
removing the skewness of the660 kmtemperaturedistribution towards
colder temperatures. The observations that both the 410 km disconti-
nuity topography and the shear velocities under the Pacific indicate
warmer temperatures, and our demonstration that the skewness of the
temperature distribution at 660 km is due to the depression of the
660 kmdiscontinuity under the Pacific provide strong evidence that the
seismically observed reflections near 660 km under much of the Pacific
are a consequence of the majorite to perovskite transition.

Since a major contribution to the observed correlation of 410 and
660 km discontinuity topography appears to occur under the Pacific
ocean, we plot the distributions of our inferred temperatures under-
neath oceans and continents separately. Since oceans cover amajority of
the Earth's surface, and the best resolved SS stacks occur under the
northwest Pacific, there are many more bins under oceans than
continents. In Fig. 10, we show the distributions from both methods
for crossover temperatures of 2073 K and 1923 K. We use ETOPO2v2
2006 downloaded from the National Geophysical Data Center (http://
www.ngdc.noaa.gov/mgg/fliers/06mgg01.html) evaluated at10minute

Fig. 9.Histograms of temperatures calculated from the observed depths of the 660 km discontinuity depth (grey). Here the shear velocity model HMSL-S06 in the transition zone has
been used to determine which locations exceed the crossover temperature (XT). We use a positive Clapeyron slope for the bins that exceed this crossover temperature. The Gaussian
distribution of the temperatures from the 410 km discontinuity is shown by the solid black line, which has been shifted to align with the peak temperature from the 660 km
discontinuity depths. The distribution of temperatures at 660 km depth matches the distribution at 410 km depth best when the crossover temperature from a negative to positive
Clapeyron slope occurs between 1923 K and 2023 K. See text for Clapeyron slopes and geotherms used.
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intervals to assess whether a bin is in an oceanic or continental region.
The distributions of the temperatures beneath the oceans are more
similar to the temperature distributions from the 410 km discontinuity
(Figs. 8, 9) than the distributions beneath the continents using both
methods. However, there are few continental bins fromwhich to define
a distribution trend. The greatest improvement in the correlation
between the temperature distribution around 410 km depth and either
the oceans or continents occurs under oceans using the method in
which the depth of the 410 km discontinuity is used to extrapolate
temperatures down to the 660 km discontinuity, for a crossover
temperature greater than 1923 K. This indicates that the depth of the
410 km discontinuity may be a better proxy for temperatures at the
660 km discontinuity than temperatures derived from seismic veloci-
ties, although the agreement between the twomethods is quite notable.
The main conclusion that can be drawn by separating the distributions
beneath oceans and continents is that the distribution of temperatures
under the oceans is more dramatically affected by reducing the
crossover temperature than the broader distributions observed under
continents.

A superadiabatic geotherm could reduce the discrepancy between
the experimental observations (Hirose, 2002) and the seismic observa-
tions presented here. The absolute temperature of the crossover from a
negative to positive Clapeyron slope depends mostly on the chosen
geotherm, similar to absolute discontinuity depth being dominated by
the 1D velocity model. The (Brown and Shankland, 1981) geotherm
used here is simply an adiabat; without any non-adiabatic gradients at
different depths. Thus, it is essentially a one-layermantle geotherm, and
could be too low in transition zone if there is a thermal boundary layer

somewhere above the 660 km discontinuity. All higher-temperature
geotherms result from small superadiabatic gradients within the
transition zone, or temperatures that, when extrapolated to shallow
depths, somewhat exceed the conditions of basaltic petrogenesis.
Therefore, higher temperatures than those used here may be present
in the transition zone if there are superadiabatic gradients somewhere
below the depth of basalt petrogenesis, otherwise, (Brown and
Shankland, 1981) is likely within ≈50 K of the Earth's geotherm.

Recent work has also found higher temperatures in the transition
zone in the area around Pacific hot spots (Courtier et al., 2007b; Ritsema
et al., 2009). The global maps of transition zone thickness from SS
precursors all show that the transition zone is thinner than average
under thePacific. This is in agreementwith regional studies of Pacific hot
spots that find the transition zone is most often thinner than average
(Suetsugu et al., 2004; Schmerr and Garnero, 2006; Courtier et al.,
2007a) and that shear velocities are low (Zhao, 2007).However, since
the transition zone is thin throughout the Pacific, the interpretation of
separate, localized thermal anomalies leading to each hot spot may
instead reflect a warmer basin-wide thermal structure. Studies have
attempted to systematically look at SS precursors under hot spots and
have found similar results to those here, in that many hot spots exhibit
depressed410and660 kmdiscontinuities (Deuss, 2007;Guet al., 2009).
Both of these studies suggest that the majorite to perovskite transition
might explain the observations, but reconciling the depth observations
with themineral physics results (e.g. determining a consistent crossover
temperature) has not been conducted. Directly resolving both the
ringwoodite–majorite and majorite–perovskite seismic reflections
(pressure difference 1 GPa≈26 km) is below the resolution of long-

Fig. 10. Histograms of temperatures underneath oceans (dark grey) and continents (translucent grey) calculated in the same way as for Figs. 5 and 6 for crossover temperatures of
2073 K (top row) and 1923 K (bottom row). The left column uses the depths of the 410 km discontinuity (i.e. Fig. 8) and the right column uses shear velocity (i.e. Fig. 9) as a proxy for
temperature at the 660 km depth. The distribution of temperatures at 660 km depth is less skewed to lower temperatures when the crossover temperature from a negative to
positive Clapeyron slope occurs around 1923 K rather than 2073 K. Lowering the crossover temperature has the largest effect on the distribution of temperatures under oceans based
on observed depths of the 660 km discontinuity. See text for Clapeyron slopes and geotherms used.
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period SS waves. Indeed, our results are suggestive that the crossover
point for a negative to positive Clapeyron slope for themain perovskite-
forming reaction in an Al-enriched pyrolite composition may be
experimentally overestimated by up to ∼150 K. That is to say, if the
actual crossover temperature from the ringwoodite-to-perovskite to the
majorite to perovskite transition is not lower than the currently
observed value of 2073 K, then this mechanism cannot explain the
seismic observations of discontinuity correlations under warm regions.

4. Conclusion

We have utilized the data of Houser et al. (2008a) to examine the
global correlation between the depths of the 410 and 660 km
discontinuities. This correlation is due in large part to a slight
correlation or lack of correlation between the 410 and 660 km
discontinuities under the Pacific plate. By mapping out the pattern of
discontinuity depths and seismic velocities in the transition zone, we
find that the pattern of correlation between the 410 and 660 km
discontinuities is rather complicated, but that both the 410 km
discontinuity depths and seismic velocities indicate that high
temperatures are present under the Pacific. By converting the
discontinuity depths to temperatures using a single, negative
Clapeyron slope for the perovskite-forming reaction, we observe a
skewness in the distribution of temperatures from the 660 km
discontinuity that is not observed in the temperatures from the
410 km discontinuity. This discrepancy is reduced if a positive
Clapeyron slope is applied to the 660 km discontinuity at tempera-
tures greater than 1923 K, using both the 410 km discontinuity and
shear velocity as a proxy for temperature at 660 km depth. This shift
in slope is in accord with multi-anvil press observations of the
perovskite-forming reaction in pyrolite at high temperatures (Hirose,
2002). The temperature that we infer for the change in the sign of the
slope is up to 150 K lower than is observed in experiments: we
attribute this to the well-known kinetic effects on garnet destabili-
zation reactions (Nishiyama and Yagi, 2003; Kubo et al., 2008). Hence,
if the majorite to perovskite transition does not actually occur at
temperatures much lower than what has been determined so far
experimentally, then another mechanism is needed to reconcile the
correlation of the 410 and 660 km discontinuities in seismically slow
regions. The dominance of the majorite to perovskite reaction is
anticipated in fertile, Al rich mantle at high temperatures, and is thus
compatible with the sub-Pacific being a zone characterized by
upwelling geochemically enriched mantle. Furthermore, values of
the Clapeyron slope of−2.6 MPa/K for the lower temperature portion
of the perovskite-forming reaction produce geodynamically plausible
lateral temperature variations. Proposed values as low as−0.5 MPa/K
produce temperature variations well in excess of 1000 K.
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