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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

Important role in Earth’s dynamics:
• Generation of the geodynamo;
• Provides heat to the mantle - part of 

the power source for plate tectonics.
• Is there stratification at the top? If so, 

why, when and how?

Existing seismological models of the 
outer core are not perfect. They are:
• Parameterized for simplicity, not 

grounded in physics;
• Based on older data;
• Show disagreement between body 

wave and normal mode based models;
• Therefore less useful for other 

scientists. 

Earth’s outer core 

Velocity models published 
1975-2010. Based on modes 
& body waves, or body waves 
alone.

Density models published 
1975-1981.
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● We expect the outer core to (mostly) comprise 

a well-mixed liquid. Assume this is true 
everywhere. Assume PREM does a good job for 
the rest of the Earth.
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● Look for the outer core's Equation of State, 
relating its bulk modulus and molar volume       
→ we get velocity and density.
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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

Earth’s outer core - What can we do better? 
We made a new model of the outer core’s 
seismic properties (vp and ρ) and mineralogical 
properties.
● We expect the outer core to (mostly) comprise 

a well-mixed liquid. Assume this is true 
everywhere. Assume PREM does a good job for 
the rest of the Earth.

● Look for the outer core's Equation of State, 
relating its bulk modulus and molar volume       
→ we get velocity and density.

● We end up with a physics based 
parameterisation. 

● We can also use new data!
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What can we learn about core and mantle dynamics from long and short period seismology? 

Uppermost outer core structure - an E' layer?

● A large number of E' velocity 
models exist, nearly all are 
slower than PREM. 

● Some of these models 
suggest a seismically 
anomalous layer. Our model 
explains the mode data with 
a smooth curve. But a layer 
might still be present!

CMB Towards the IC
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Uppermost outer core structure - an E' layer?
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Geomagnetic fluctuations reveal stable stratification
at the top of the Earth’s core
Bruce Buffett1

Modern observations of the geomagnetic field reveal fluctuations1–3

with a dominant period of about 60 years. These fluctuations are
probably a result of waves in the liquid core4, although the precise
nature of the waves is uncertain. Common suggestions include a type
of magnetic wave, known as a torsional oscillation5, but recent studies6

favour periods that are too short to account for a 60-year fluctuation.
Another possibility involves MAC waves7, which arise from the inter-
play between magnetic, Archimedes and Coriolis forces. Waves with
a suitable period can emerge when the top of the core is stably strati-
fied. Here I show that MAC waves provide a good description of
time-dependent zonal flow at the top of the core8, as inferred from
geomagnetic secular variation9. The same wave motion can also ac-
count for unexplained fluctuations in the dipole field10. Both of these
independent predictions require a 140-kilometre-thick stratified layer
with a buoyancy frequency comparable to the Earth’s rotation rate.
Such a stratified layer could have a thermal origin11,12, implying a core
heat flow of about 13 terawatts. Alternatively, the layer could result
from chemical stratification13,14. In either case, the existence of a strati-
fied layer at the top of the core obscures the nature of flow deeper in
the core, where the magnetic field is continually regenerated.

Evidence for a 60-year fluctuation in the geomagnetic field was first
reported1 more than 40 years ago. Subsequent studies2,3 using longer
records have confirmed the existence of a dominant 60-year period,
and find evidence for a weaker 30-year fluctuation. Initial explanations
appealed to torsional oscillations5, which are nearly geostrophic motions
in the form of fluid cylinders aligned with the rotation axis. The restor-
ing force for wave motion is due to the component of the magnetic field
that threads across the surface of the cylinders. A nominal 60-year period
implies a relatively weak magnetic field of roughly 0.3 mT (refs 15 and 16).
Stronger magnetic fields in numerical geodynamo models17 imply shorter
periods and recent observations6 support the existence of torsional oscil-
lations with periods of 4 to 6 years.

Longer-period waves are possible when the top of the fluid core is
stably stratified7. The required ingredients for wave motion include
fluid buoyancy, rapid rotation and a radial magnetic field that passes
through the stratified layer. Figure 1 shows a schematic illustration of
the associated fluid velocity. A radial component of flow Vr alters the
distribution of fluid density in the stratified layer and induces a per-
turbation in pressure. Owing to the effects of rapid rotation, the pres-
sure perturbation causes an azimuthal flow Vw much like cyclonic flow
around a pressure low in the atmosphere. Azimuthal flow is opposed
by the presence of the radial magnetic field, which drives a weaker
meridional flow Vh towards the pole. The restoring force for the waves
comes partly from the buoyancy force, which opposes the radial motion,
and partly from magnetic tension, which opposes the horizontal flow.
The direction of flow reverses after half a cycle; an eastward azimuthal
flow drives a meridional flow towards the Equator.

Braginsky7 obtained analytical solutions for these waves when the
radial magnetic field is approximated by an axial dipole. Different modes
of oscillations are distinguished by the spatial pattern of radial flow.
The gravest modes are associated with upwelling at the poles and down-
welling at the Equator over half a cycle. For each pattern of radial flow

there are overtones associated with shorter wavelengths in the radial
direction. In general the overtones are more heavily damped than the
fundamental modes. In addition, waves with a larger number of upwel-
lings and downwellings have shorter periods.

A description of waves with a more general form of radial magnetic
field requires a numerical solution. Indirect inferences from geodetic
observations18,19, as well as numerical geodynamo models17, suggest that
a large part of the radial magnetic field near the core–mantle boundary
resides in wavelengths that are too small to detect at the Earth’s surface.
A simple, but plausible, description of the radial magnetic field at the
core–mantle boundary assumes a random distribution. Because mag-
netic tension does not depend on the direction of the field, I can approx-
imate the root-mean-square (r.m.s.) value of the radial magnetic field
as a constant over the surface of the core. Changes in the radial magnetic
field across the stratified layer are small when the layer is sufficiently
thin.

Two parameters specify the waves when the r.m.s. value of the radial
magnetic field is fixed by geodetic constraints at 0.6 mT (see Methods).
One parameter is the thickness H of the stratified layer and the other is
the buoyancy frequency N defined as
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Figure 1 | Schematic illustration of the wave motion. Radial motion Vr

causes a pressure perturbation, which drives an azimuthal flow Vw in the
stratified layer. The presence of a radial magnetic field opposes Vw and induces
a meridional flow Vh. The fluid velocities reverse direction over a full cycle of
the wave.
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● The name E’ follows Bullen’s layer-naming convention
● Called the “Hidden Ocean of the Core” by Braginsky
● Buffett (2014, figure right) shows that estimates of flow 

at the surface of the outer core are predicted well by 
MAC waves; a 140 km thick layer works. 

● May be the cause of signals in satellite observations of 
Earth’s magnetic field (Vidal and Schaeffer, 2015); and 
present in geomagnetic ‘jerk’ data (Chulliat et al., 2015). 

● Other studies prefer no stratification, or cannot see its 
effect. 

Figure 1 | Schematic illustration of the wave 
motion. Radial motion Vr causes a pressure 
perturbation, which drives an azimuthal flow 
Vw in the stratified layer. The presence of a 
radial magnetic field opposes Vw and induces a 
meridional flow Vh. The fluid velocities reverse 
direction over a full cycle of the wave. 



Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

EPOC-Vinet has 3 
parameters 

Permitting variation in D'' properties and an E' layer



Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

EPOC-Vinet has 3 
parameters 

Permitting variation in D'' properties and an E' layer

● Using the same methodology, we can:

● allow a distinct E’ layer, where vp 
and ρ diverge from those of the 
well mixed outer core



Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

EPOC-Vinet has 3 
parameters 

Permitting variation in D'' properties and an E' layer

● Using the same methodology, we can:

● allow a distinct E’ layer, where vp 
and ρ diverge from those of the 
well mixed outer core

and

● let the seismic properties of the 
D'' (ρ, vs and vp) vary away from 
PREM towards the CMB. 

CMBTop 
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Uppermost outer core structure - an E' layer?
What might generate an E' layer?

• Light elements concentrated by IC growth (eg Fearn & 
Loper, 1981, Gubbins & Davies 2013, Helffrich & 
Kaneshima 2013)

• Mantle material dissolving into the OC (eg Buffett & 
Seagle, 2010, Nakagawa 2018)

• Planetary core formation - a primordial feature (see 
Helffrich & Kaneshima 2013), or remnants of the moon-
forming impact (eg Landau et al, 2016) 

• Immisible melts at OC 
conditions (eg Averson et al, 
2019, figure right; but also 
Helffrich & Kaneshima 2004)
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We also performed simulations in a near-equal molar ratio
Fe-Si-O system (Fe-27wt%Si-16wt%O) to demonstrate that the
phenomenon of liquid phase separation holds for other Fe-Si-O
compositions, and the phase separation is more pronounced with
increasing concentrations of Si and O (SI Appendix, Figs. S8–
S10). The overall coordination numbers are larger than that
of the Fe-8wt%Si-2wt%O system for all atom pairs due to the
increased abundance of Si and O relative to Fe. Even so, the
average O-O coordination number also decreases with increas-
ing temperature for the near-equal ratio of the Fe-Si-O system,
indicative of miscibility gap closure. Additionally, the Si-O coor-
dination for the near-equal ratio of the Fe-Si-O system exhibits
⇠8% sixfold coordination at 4,000 K and 125 GPa, but less
than 1% at 6,000 K at 146 GPa, indicating that silicon and
oxygen are not saturated in the melt and therefore solid SiO2 will
not precipitate. Rather than observing domains of Fe-Si-O and
Fe-Si, the Fe-27wt%Si-16wt%O system exhibits liquid domains
of Fe-Si, Fe-Si-O, and Si-O at modest temperatures above
melting, reminiscent of the complex ambient-pressure Fe-Si-O
ternary (20).

A stratified layer at the top of Earth’s outer core, dubbed the
E’ layer, has been predicted for several decades based on robust
seismic observations of low compressional wave velocities com-
pared with the bulk of the outer core (26). Speculations about
the thickness of the layer vary widely, ranging from 2 km to
800 km thick (27–29) due to strong tradeoffs with density con-
trasts. Stability of the layer implies that it is less dense than
the bulk of the outer core. The means of formation of a stably
stratified layer are widely debated and range from barodiffu-
sion of light elements from inner core solidification (30), to a
layer enriched in mantle material through chemical reactions at
the core–mantle boundary (31), to an impactor core that did
not fully mix with Earth’s protocore and became stratified (32).
Thermodynamic modeling of the liquid Fe-O-S system suggested
immiscibility persists at core pressures, but was discounted as
a mechanism for generating the E’ layer due to a nonobser-
vation of internal reflections below the CMB (27). Since then,
there have been more robust measurements from body wave
seismology of E’ as an anomalously slow region (26, 29, 33–
35). It should be noted that a recent seismological normal mode
analysis, by allowing deviations from existing global seismic mod-
els, suggested that an anomalously slow region is not needed
to explain the seismic profile through the outer core (36), but
the study also does not preclude the existence of a layered
outer core.

Minor density contrasts between the E’ layer and the bulk
outer core are enough to stably stratify the layer (30, 37), but sim-
ply enriching the amount of light elements in the E’ layer cannot
explain its anomalously low velocity. Simultaneously satisfying
low density and low seismic velocities requires invoking other
mechanisms, such as having different light elements present in
the E’ layer compared with the bulk outer core (38). Immis-
cibility in Fe-Si-O may provide separation into a bulk outer
core and a buoyant, slow stratified layer. However, we see that
silicon partitions evenly or slightly more into the oxygen-rich
liquid (SI Appendix, Table S3), which would lead to a strati-
fied layer that is enriched overall in light elements and hence
with velocities higher than the bulk outer core. Thus, another
light element species which partitions favorably into the oxygen-
depleted liquid phase is required to satisfy a slow layer atop
the core.

If immiscibility persists to core pressures as suggested by
experimental evidence and extrapolated by first-principles calcu-
lations, the miscibility gap dictates the evolution of layers in the
core as it cools (Figs. 3 and 5). Three different scenarios are pos-
sible as the system moves to high pressures >136 GPa deep in the
core and are illustrated in Fig. 5. (i) The geotherm lies entirely
in the miscible regime, and the core liquid is a homogeneous

mixture of Fe-Si-O (Fig. 5A). This example uses a representa-
tive endmember hot core geotherm (39) before nucleation of
the inner core. (ii) The geotherm intersects the miscibility clo-
sure curve within the core (Fig. 5B). In this case, the Fe-Si and
Fe-Si-O will demix first from the bottom of the core. The Fe-
Si-O from deep within the core will buoyantly rise and remix
with Fe-Si-O as it crosses back into the stability region at the
top of the core, enriching the uppermost layer of Fe-Si-O. This
process of demixing and remixing continues until all of the oxy-
gen is concentrated in the stratified layer or until the geotherm
stabilizes in the immiscible regime. In this regime, the thickness
of the stratified layer is subject to growth and reduction during
dynamic demixing and remixing which is represented by a flexible
layer boundary in Fig. 5B. (iii) The geotherm lies entirely in the
immiscible regime, and the core remains as two separate layers
of Fe-Si and Fe-Si-O (Fig. 5C). This example uses a “cold” core
geotherm in which our melting curve is extrapolated using the
melting temperature of pure iron to pin the inner-core boundary
(ICB) temperature [note the extrapolated melting curves of pure
iron and Fe-Si9wt% are indistinguishable at these pressures (12,
40)]. This cold core geotherm is not the lower bound for a core
geotherm in general, but it is the cold endmember for our case of
an of Fe-Si-O outer core which has a high melting temperature.
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Fig. 5. Curves extrapolated to the present-day liquid core region from the
core–mantle boundary (2,891 km) to the inner-core boundary (5,150 km)
and corresponding schematic core structure. (A) A hot geotherm which falls
entirely in the range of Fe-Si-O miscibility would suggest a homogeneous
molten core. (B) An intermediate geotherm that intersects the miscibility
closure curve would suggest a fully molten core with the interior portion
composed of immiscible Fe-Si + Fe-Si-O and an outer portion of miscible
Fe-Si-O. The dashed circle represents a temporally changing depth that cor-
responds to the intersection of the geotherm with the miscibility closure
where there will be demixing and remixing (represented by blue and red
arrows, respectively) between the layers. (C) A cold geotherm which falls
entirely in the range of Fe-Si/Fe-Si-O immiscibility and intersects the melting
curve at the ICB such that the inner core exists at its present size.

Arveson et al. PNAS | May 21, 2019 | vol. 116 | no. 21 | 10241
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Uppermost outer core structure - an E' layer?

Maybe slow & light is possible?

Figure from Buffett & Seagle, 2010

Figure 2. (a–f) Figure showing how the concentration of one element can be increased and another decreased to produce a light and slow layer. Changes to the
composition which fall outside the colored wedges result in a layer which is either faster or denser and does not satisfy seismological constraints. For example,
increasing the concentration of C by 10 mol % and decreasing Si concentration by 2 mol % would produce a layer that is lighter, but faster. Similarly, increasing the C
concentration by 4 mol % and decreasing Si by 5 mol % produces a layer which is slower, but in this case denser. Also shown are contours of the change in density
and velocity for compositional changes which produce a light and slow E0 layer. Note different scale bars.

Geophysical Research Letters 10.1002/2017GL074261

BRODHOLT AND BADRO COMPOSITION OF THE E0 LAYER 8306

Figure from Brodholt & Badro, 2018

But what should it look like seismically? 
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Figure from Kellogg, Hager 
& Van der Hilst, Science, 1999

• The question of how convection                         
behaves in the mantle and whether layering is present 
has been tackled for decades - with insights from 
geochemistry, geodynamics and seismology. 

pleted in incompatible elements; and smaller
volumes containing fragments of subducted
lithosphere (including crust). Because mid-
ocean ridges sample the shallow mantle over a
wide area of the surface and have relatively
uniform composition, it is generally assumed
that the upper mantle is depleted. As a conse-
quence, a wide range of models have been
based on the assumption that the undepleted
reservoir corresponds to the lower mantle (1)
but that some plumes rise through this region
(23) or originate at its lower boundary (1, 24).
Models involving layering of convective flow
with a boundary at 660 km are, however, at
odds with the seismological evidence (2).

We propose instead that the transition in
seismological heterogeneity observed at
!1600 km depth (7) is the manifestation of a
boundary between the depleted MORB
source region and enriched, intrinsically
dense material in the deeper mantle (Fig. 1).
A compositionally distinct layer in the deep
mantle would provide an explanation for
long-lived geochemical reservoirs; with
about 20 to 30% of the mantle volume, it is
sufficiently massive to contain the 40Ar and
3He that have not been lost to the atmosphere.
In the transition zone above the dense layer,
recycled subducted material, mixed with de-
pleted and enriched mantle, would form the
complex family of geochemical components
seen in oceanic basalts. In this model, the
deep, dense layer provides the missing heat
production needed to explain the observed
heat flux. Such a layer could develop during
the early differentiation of Earth, by process-
es associated with a deep magma ocean, or by
formation and recycling of a mafic crust in
the Archaean (25).

To determine whether this model is dy-
namically plausible, we used a finite-element
model of mantle convection (26) modified
for thermochemical convection (27) to exam-
ine the interaction of a subducting slab with
an intrinsically dense layer in the deep man-
tle. Viscosity is temperature- and pressure-
dependent (28), and plate-like behavior is
induced in the cold surface boundary layer by
providing weak zones at the upper corners of
the box (29). An isothermal boundary condi-
tion at the core-mantle boundary (CMB)
heats the mantle from below at a Rayleigh
number of 2 " 107 (30). The mantle is also
heated from within; in the upper layer, the
internal heating Rayleigh number is Rah #
1.16 " 108 [corresponding to a U concentra-
tion of 7 ppb with Th/U # 2.5 and K/U # 104

(18, 31)]. The deep layer is enriched in heat-
producing elements with Rah # 5.12 " 108,
corresponding to a U concentration of 25.6
ppm with Th/U # 4.

Figure 2 shows a snapshot of the resulting
temperature and composition (Fig. 2A) and vis-
cosity (Fig. 2B) for the mantle after a subduct-
ing slab has penetrated the intrinsically dense
layer (32). In this simulation—for which we
used a buoyancy number B # $%C/%0&T$T #
0.9 (corresponding to an intrinsic density con-
trast of !4%), where $%C is density change due
to composition alone, %0 is the reference densi-
ty, &T is the coefficient of thermal expansion,
and $T is the temperature drop across the man-
tle—the dense layer is stable for the duration of
the calculation. Because B ' 1, this model is in
the regime of penetrative convection (33, 34).
The high-viscosity downwelling slab penetrates
to the CMB, and steep, large-amplitude topog-
raphy develops on the interface (35). Because

the deep layer contains more heat-producing
elements, the heat flow across the CMB is
lower than it would need to be if the entire
mantle had a heat production corresponding to
the MORB source region. In this model, the
vertical thermal gradient across the thermal
boundary layer at the interface between the two
domains is larger than that across the thermal
boundary layer at the CMB. The interface con-
tains a mix of depleted and subducted material.
Plumes arise from high spots on the boundary
and carry a mix of depleted material, plus a
small amount of entrained material from the
less depleted lower layer (36).

Because of numerical diffusion, our con-
vection model overestimates the rate at which
material in the undepleted layer is entrained
by plumes; thus, the rate of entrainment and
mixing between layers that we calculate is an
upper bound. Even with this small artificial
diffusivity, the layers in our calculations re-
main compositionally distinct for at least 10
overturn times (billions of years). Scaling of
mixing rates and dynamic topography with
viscosities suggests that mixing was less ef-
ficient and the layer more stable in the past
(37), so a compositionally distinct layer with
the intrinsic density contrast that we propose
should be stable over the age of Earth.

To quantify the effects of intrinsic density
contrasts on the net properties, we compare the
average density as a function of depth for these
models with that of a reference model with the
same viscosity law but with uniform composi-
tion. The reference model with uniform com-
position exhibits a subadiabatic density increase
of !0.1%0&T$T that results from the accumu-
lation of cold material in the lower mantle (Fig.
2D, dashed line). For the compositionally strat-
ified model, assuming a volumetric coefficient
of thermal expansion for the lower mantle of &T

# 2 " 10–5 K–1 and $T # 1800°C, the increase
in density due to composition alone (green, Fig.
2D) is !4%. This density increase is not abrupt
but is distributed over the bottom half of the
domain in a way that mimics the topography of
the boundary between the compositionally dis-
tinct layers. There is a nearly compensating
decrease in density due to increasing tempera-
ture (red, Fig. 2D). For the compositionally
layered case (blue, Fig. 2D), the total density
excess over that for the uniform composition
reference model is never more than !1%.

When mineral physics estimates of density
and seismic velocity as a function of depth for
a particular model composition are compared
with estimates from analyses of the normal
modes of Earth’s free oscillation, the results
suggest that the lower mantle is !2% more
dense than would be expected if it were made
of the composition estimated for the upper
mantle (38, 39). This range encompasses the
net density increase in our models (Fig. 2C).
There are, however, a number of complicating
factors. First, although the density averaged
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Fig. 1. Diagram illustrating the possible dynamics of an intrinsically dense layer in the lower mantle.
Depth to the top of the layer ranges from !1600 km to near the CMB, where it is deflected by
downwelling slabs. Internal circulation within the layer is driven by internal heating and by heat
flow across the CMB. A thermal boundary layer develops at the interface, and plumes arise from
local high spots, carrying recycled slab and some primordial material.
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process occurring after the horizontal slab becomes too thin
to be resolved. After penetration, the downgoing slab is pro-
gressively thickened in the uppermost lower mantle, with a
tendency of being flattened near the bottom. Cross sections
F–I show that the deepest shocks are located in the vicinity
of the 660 km discontinuity (see Table 1). As pointed out in
section 3.1, such deep shocks (660 ± 40 km) are diagnostic
of slab penetration (Table 1). In each section, the deepest
shocks are aligned very steeply. Their downdip compres-
sion mechanisms [Alpert et al., 2010] indicate significant
resistance against slab penetration across the 660. Figure 7
shows a sketch illustrating the progressive change in slab
configuration along the Kurile arc, from its southern to
northern part.

3.3. Java
[11] Figure 8 shows the successive westward cross sec-

tions across the Java arc, beneath which the Indo-Australian
plate is subducted. (See Fukao et al. [2001] for earlier refer-
ences to the Java slab images, including those ofWidiyantoro
and van der Hilst [1996]. See also Replumaz et al. [2004], Li
et al. [2008], van der Meer et al. [2009], and Widiyantoro

Figure 7. Sketch illustrating the progressive northward
change in slab configuration from the southern to northern
Kurile arc. The numbers indicate the depth of the deepest
shock beneath each arc (see Table 1 for more detail).

Figure 6. Successive slices of slab images. (bottom, right) Across the southern Kurile arc along profiles
A–E shown in the bottom right map. (top, left) Across the northern Kurile arc along profiles F–J shown in
the top left map. Other features are the same as those explained in Figure 3.
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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

• Asymmetric P'•d•P'  can be used to probe the mantle transition zone. 

GEOPHYSICS

Inferring Earth’s discontinuous
chemical layering from the
660-kilometer boundary topography
Wenbo Wu1,2,3, Sidao Ni1*, Jessica C. E. Irving2

Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

• Asymmetric P'•d•P'  can be used to probe the mantle transition zone. 

GEOPHYSICS

Inferring Earth’s discontinuous
chemical layering from the
660-kilometer boundary topography
Wenbo Wu1,2,3, Sidao Ni1*, Jessica C. E. Irving2

Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

• Asymmetric P'•d•P'  can be used to probe the mantle transition zone. 

GEOPHYSICS

Inferring Earth’s discontinuous
chemical layering from the
660-kilometer boundary topography
Wenbo Wu1,2,3, Sidao Ni1*, Jessica C. E. Irving2

Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.

on February 15, 2019
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

Wu, Ni & Irving, Science, 2019

Moving up to the MTZ - P'•d•P'



Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

• We found very significant scattering from the ‘660 km’ discontinuity — it is much 
rougher than the free surface.

GEOPHYSICS

Inferring Earth’s discontinuous
chemical layering from the
660-kilometer boundary topography
Wenbo Wu1,2,3, Sidao Ni1*, Jessica C. E. Irving2

Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

Figure S8: Data and synthetic envelope seismograms with three models of volumetric hetero-
geneities around the 660-km discontinuity. The upper left figures show cartoons of three models
of volumetric heterogeneities around the 660-km discontinuity. The black line in the lower fig-
ure is the stacked data from the June 09, 1994 Mw8.2 Bolivia earthquake (see more details in
Fig. 3). The colored lines show synthetics of P 0 • 660 • P

0 for the models of heterogeneous
layer illustrated in the upper left cartoons. The v

p

, v
s

and density perturbations of the volumet-
ric heterogeneities are 2.7% (red), and 1.9% (blue) and 0.9% (green) and the auto-correlation
length is 10 km in these three models. P 0SurfP 0 is the same as that in Fig. S7.
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Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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• Substantial scattering from the ‘660 km’ discontinuity — it is much rougher than the free surface.
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Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
mantle and is commonly understood to
involve the phase transition of the min-
eral ringwoodite to bridgmanite and fer-

ropericlase. The detailed nature of this interface
provides constraints on the chemical and dy-
namic properties of the whole mantle. Several
lines of evidence support the boundary being
due to the phase transition alone. If this is the
case, the natural conclusion is that the whole
mantle is convecting on geologic time scales
(1, 2), despite the mineralogical differences
between the upper and lower mantle. How-
ever, not all observations support this picture
of the discontinuity. Other geochemical and
mineralogical lines of evidence suggest a che-
mical interface, which requires some sort of
dominantly layered or compartmentalized con-
vection in order to maintain chemical differences
between the upper and lower mantle (3–6).
Seismic waves can be used to measure many
features of the discontinuity related to the
physical properties at the boundary, including
sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
Topographic variation provides essential clues

for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
mantle boundary of Earth feature topography
from scales of a thousand kilometers to a few
kilometers (12–14), leading to the expectation
that the 660-km discontinuity might also be

rough at many scales. The scale of roughness
on a boundary provides insight into the dyna-
mic processes responsible for the topographic
variations.
Our current picture of the topography of the

660-km discontinuity comes from precursors of

reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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Wu, Ni & Irving, Science, 2019

GEOPHYSICS

Inferring Earth’s discontinuous
chemical layering from the
660-kilometer boundary topography
Wenbo Wu1,2,3, Sidao Ni1*, Jessica C. E. Irving2

Topography, or depth variation, of certain interfaces in the solid Earth can
provide important insights into the dynamics of our planet interior. Although the
intermediate- and long-range topographic variation of the 660-kilometer boundary
between Earth’s upper and lower mantle is well studied, small-scale measurements are
far more challenging.We found a surprising amount of topography at short length scale
along the 660-kilometer boundary in certain regions using scattered P'P' seismic
waves. Our observations required chemical layering in regions with high short-scale
roughness. By contrast, we did not see such small-scale topography along the
410-kilometer boundary in the upper mantle. Our findings support the concept of
partially blocked or imperfect circulation between the upper and lower mantle.

T
he globally observed 660-km seismic dis-
continuity defines the top of the lower
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sharpness, density, elasticity contrast, and topo-
graphic variations (7–11).
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for understanding the nature of the 660-km
discontinuity. Topography is the result of dyna-
mic processes and the heterogeneous distribu-
tion of density. The free surface and the core
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rough at many scales. The scale of roughness
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variations.
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reflected body waves (such as PP, SS, and P'P')
(7, 8, 10) or converted phases such as P660s
(15, 16) and S660P (17, 18). These methods reveal
the large-scale (~1000 km) topography from ther-
mal variations (Fig. 1A) of up to tens of kilometers
(7, 10). Intermediate-scale (~100 km) topography
(Fig. 1A) has been mapped with receiver func-
tions (15, 16) or converted phases (17, 18) be-
cause they have smaller Fresnel zones. Most of
the intermediate- and large-scale topography
results are interpreted as lateral temperature
variations (19, 20), but some studies revealed
that the 660-km topography may be associated
with more complex mechanisms than just the
phase transition (21–23).
In order to determine the small-scale (~10 km)

topographic variations of the 660-km and the
410-km seismic discontinuities, we used the
scattering of short period waves. This strategy
has been successful for the upper crust, where
P'SurfP' waves were generated by asymmetric
(out of plane) back-scattering of small-scale free-
surface topography and/or heterogeneities in the
upper crust (24). We used the P'•d•P' phase (25),
in which a rough interface is at a depth d below
the surface of Earth (Fig. 1, B and C), and the
double amplifications of PKP near its caustic
distance can substantially enhance weak signals.
We chose seismic waveforms at small angu-

lar epicentral distances (roughly, 0° to 40°), at
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Fig. 1. PSD of the 660-km interface and ray path of P'•660•P'. (A) PSD of 2D free-surface
topography (blue dashed line) and 660-km discontinuity topography (red dashed lines) as a function of
wave number k (km–1). The dashed blue line is P = C2Dk

−3 with C2D = 0.3 m (33), and the red dashed
lines represent C2D = 10, 100, and 1000 m, respectively.The large, intermediate, and small lateral-scale
ranges of the 660-km discontinuity topography are labeled as “1,” “2,” and “3” respectively. Intermediate-
scale topography has not been thoroughly sampled because of the limited distribution of seismic
stations. (B) Ray path of P'•660•P'.We set a fictitious source (red star) and receiver (blue triangle) on the
equator. In contrast to most routinely reported seismic phases, which travel in a great circle plane (the
equator in this figure), asymmetrical scattering permits out-of-plane scattering waves. (C) Cartoon ray
paths of P'•660•P' (black lines) and P'SurfP' (gray lines) scattered from topography at the relevant
interface.The black and gray dotted lines show ray paths of P'P' and P'660P', respectively, waves
undergoing symmetrical reflections.
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• Previous studies disagree about the genesis of the Bermudian Islands. We are looking under 
Bermuda using receiver functions.

• We’re also developing a new receiver function metric to help assess receiver function quality.
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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

• We’re developing a new receiver function metric to help assess receiver function quality.
• We find that Bermuda is underlain by a deeper than average ‘410’ km discontinuity, and a 

complex ‘660’ km.
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• We’re developing a new receiver function metric to help assess receiver function quality.
• We find that Bermuda is underlain by a deeper than average ‘410’ km discontinuity, and a 

complex ‘660’ km.
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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

Conclusions

Long and short period seismology can be applied to look at the physical properties of the Earth 
at geodynamically important boundaries.

At the ‘660’, we see evidence of roughness, indicating imperfect mixing. This does not mean 
that material flow through the ‘660’ is absent, but it may be imperfect. 

At the uppermost outer core, our EPOC outer core model reduces the need to have a slow E’, but 
when one is permitted it is favored. This suggests that there may be a compositionally distinct 
reservoir at the top of the outer core. The genesis mechanism for such a layer is still open. 
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Behavior at the boundaries of our world:  
What can we learn about core and mantle dynamics from long and short period seismology? 

Body wave predictions for an E' layer

● Travel time anomalies are too extreme for rays 
which spend most of their time very close to 
the CMB → these model predictions may be 
too slow at the CMB when an E' layer is 
included. 
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What if we had used a Birch Murnaghan formulation?
● Velocity & density 

models obtained from 
the ensemble of Birch-
Murnaghan EoS 
parameters are very 
close to those of EPOC-
Vinet:  

|∆Vp| ≤ 0.02km/s &
|∆ρ| ≤ 0.001 g/cm3.
● Different formulations 

give different 
extrapolations from 
core to ambient 
conditions result in 
different values for the 
EoS parameters 

Irving, Cottaar & Lekić, Science Advances, 2018
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● Non-linearity of the relationship 
between mode center frequency 
and elastic parameters of the core. 

● Each symbol corresponds to a 
different mode used, and its size is 
proportional to the mode’s 
sensitivity to outer core structure 
(%).

● Symbol color represents the 
magnitude of the non-linearity of 
mode frequency shift due to a 1% 
perturbation to outer core vp, 
compared to uncertainty on the 
measurement due to mantle 
structure (which is nearly always 
greater than measurement error).

Why a linearized inversion might be problematic

Irving, Cottaar & Lekić, Science Advances, 2018
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EPOC-Vinet is homogeneous and stable

Irving, Cottaar & Lekić, Science Advances, 2018
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