
MARCH 2019 | PHYSICS TODAY 21

associated with an observation, informa-
tion can’t be created or destroyed.

Nor can the information stay inside
the black hole’s event horizon forever—
at least, not necessarily. If a black hole
doesn’t take in enough new mass to bal-
ance out the energy it loses to Hawking
radiation, it will eventually evaporate
away to nothingness. Where will the in-
formation go?

Some mechanism must seemingly
exist to allow information to leak out
past the event horizon. Figuring out how

that mechanism works is a daunting the-
oretical challenge. But experiments may
be able to help, thanks to the duality, or
mathematical correspondence, between
gravitational systems and quantum
many-body systems. (See the article by
Igor Klebanov and Juan Maldacena,
PHYSICS TODAY, January 2009, page 28.)
Experimenters can’t build a black hole in
the lab, but they may be able to construct
its dual.

Which physically realizable quantum
systems are the duals of black holes is 

itself an open theoretical question. But
Schleier-Smith is hopeful that her cold-
atom spin-exchange experiment could
provide the answer.4 Theoretical models
that attempt to solve the black hole infor-
mation problem often do so by bending
the familiar rules of physical locality.
“They can look very strange,” she says,
“because they include all these nonlocal
hopping effects,” reminiscent of the hop-
ping of spin excitations induced by non-
local atomic interactions. “In the future,
maybe we can build something in the lab
that processes information like a black
hole.”

Johanna Miller
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FIGURE 3. NONLOCAL HOPPING of a spin excitation as captured by experimental data
(left) and a theoretical model (right). The excitation was prepared at position A at time 0.
Turning on the drive pulse causes the excitation to quickly hop to position B, closer to the
cavity’s center. It then slides back to A, and at time 100 μs hops again. (Adapted from ref. 1.)

A
s Earth’s tectonic plates shift and col-
lide, slabs of cold, dense oceanic
crust get pushed down into the

mantle. The subduction process carries
volatile compounds and water into the
mantle along with crustal material that
has a different isotopic signature from
primitive mantle material. Heat and
pressure in Earth’s interior can transform
the subducted crust into different miner-
als and may eventually return it to the
surface in the magma that upwells and
forms new crust. However, the depth to
which crust material descends during
that cycling is still a subject of debate
among geophysicists and is key to un-
derstanding heterogeneities in the man-
tle structure.

Knowledge of Earth’s interior struc-
ture is based on inferences of how seis-
mic waves travel at different depths. The

boundary between the upper and lower
mantle is marked by a sharp change in
density, and therefore of seismic-wave

velocities, at a depth of 660 km. Toward
the bottom of the upper mantle, at a depth
of 410 km, is another density change that

A predicted phase transition
shows up in high-pressure
experiments.

Measurements of elusive mineral could explain mantle 
discontinuity

FIGURE 1. SLABS OF BASALTIC OCEANIC CRUST and underlying mantle rocks of
harzburgite sink into Earth’s mantle during tectonic processes. The boundary between
upper and lower mantle is marked by sudden slowing in seismic-wave velocities at depths
of around 660 km.  New sound-velocity measurements of high-pressure minerals believed
to exist in subducted ocean crust suggest that the crust accumulates at the bottom of the
mantle transition zone. (Image by Steeve Gréaux.)
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marks the beginning of a transition
zone. Geophysical simulations suggest
that as cold crust material sinks, it under-
goes mineral transformations that ren-
der it buoyant near the lower boundary
of the upper mantle.1 However, little ev-
idence has been available to support that
theory.

Now Steeve Gréaux and colleagues at
Ehime University and the Tokyo Insti-
tute of Technology in Japan have synthe-
sized a laboratory sample of a calcium–
silicon compound that models say
should be prevalent in crust rocks that
plunge past depths of 560 km. Gréaux
and his team have made the first mea -
surements of how sound waves travel
through the compound.2 The measure-
ments match seismic results at the man-
tle boundary.

Seismic snapshots
Seismic tomography is an important tool
for mapping Earth’s interior structure. It
uses networks of seismometers that de-
tect surface movements caused by waves
both from earthquakes and from con-
trolled explosions generated at the sur-
face. Based on the readings, researchers
can calculate the locations of reflection
and refraction of the paths the waves
took through the interior. Seismic travel-
time data are compared to an initial
model of Earth’s compositional layering,
tectonic structure, and thermal varia-
tions. The model is modified to find the
best fit between predictions and observa-
tions. From the modified model, three-
dimensional maps of velocity differences
inside Earth are created. Changes in ve-
locity are caused by local density varia-
tions in the material and may be corre-
lated with its structure, temperature, or
composition.

Seismic tomography reveals several
density discontinuities that divide Earth’s
mantle into layers. As shown in figure 1,
the upper mantle extends 410 km down
from the base of the crust and the transi-
tion zone spans depths from 410 to 660
km. The lower mantle covers the region
from 660 km down to the outer core 
at approximately 2900 km. Laboratory
measurements of seismic properties of
rocks and minerals serve as a reference
for translating wave characteristics into
mineralogy.

In 1962 Alfred Edward Ringwood of
Melbourne University developed a model
for the mantle’s composition. He pro-

posed that bulk mantle material is a mix-
ture of basalt and peridotite. He called
the hypothetical mixture pyrolite. Re-
searchers who have synthesized pyrolite
in the lab have found that ultrasonic
wave velocities in pyrolite agree with
seismic velocities for depths down to 560
km and below 800 km.3 But between the
two depths, pyrolite can’t be responsible
for the seismic behavior.

Mineral transformations
A gravitationally stable layer of chemi-
cally distinct material could account 
for the observed seismic discrepancies.
Ocean crust consists mainly of basalt 
and an underlying layer of the igneous
rock harzburgite, on top of a peridotite
layer. The peridotite may be reabsorbed
in the mantle early during subduction,
whereas the basalt and harzburgite can

travel down to the deep mantle. But
ocean crust at mantle temperatures and
pressures is transformed into an assem-
blage of different minerals. The seismic
velocities for key minerals thought to
occur in that assemblage have not been
measured.

One suspected transformation would
rearrange calcium and silicon—common
elements in the basalt in ocean crust—
into a calcium silicate (CaSiO3) phase
with a cubic perovskite structure (cubic
CaPv) at transition zone depths. A pe -
rovskite has the chemical formula ABX3,
where A and B represent cations and 
X is an anion bonded to both. Mineral-
ogy studies suggest that CaSiO3 in its
cubic perovskite structure should con-
stitute 30% of any basaltic crust mate-
rial that has reached the lower mantle.
The crust composition offers a possible

FIGURE 2. MULTI-ANVIL PRESS APPARATUS at the Japan Synchrotron Radiation Research
Institute. Hydraulic rams drive six first-stage steel anvils and distribute force on a cubic
arrangement of eight second-stage tungsten carbide anvils. The second-stage anvils 
compress an octahedral high-pressure cell. (Photo by Steeve Gréaux.)



explanation for the observed slowing of
seismic waves just above the boundary at
660 km.4

Cubic CaPv, though, is not stable
under ambient conditions. At room tem-
perature and pressure the mineral is
amorphous, and at high pressure and
room temperature it takes on a tetrago-
nal structure. Velocity extrapolations
based on tetragonal CaPv do not match
seismic values in the mantle. The elusive
cubic CaPv was first found in 2018 in a
South African mine, trapped and encased
in a diamond during the diamond’s for-
mation deep in the mantle.5

Gréaux and colleagues have now met
the challenge of measuring the seismic
properties of cubic CaPv at conditions
akin to those in Earth’s mantle. The re-
searchers compressed a 2-mm-diameter
CaSiO3 glass rod at a temperature of 
1700 K to a pressure of 23 GPa using a
multi-anvil press at the Japan Synchrotron
Radiation Research Institute (figure 2). 

The researchers measured the time 
it took for ultrasonic waves to travel
through the CaPv in the pressure cell at
various temperature and pressure com-
binations. They used x-ray diffraction to
verify that during the experiments the
sample had and maintained its cubic
structure. By combining the in situ
sound-wave travel times and diffraction
patterns, the researchers derived sound-
wave velocities and elastic moduli for
CaPv.

Gréaux’s team found that the shear
modulus of cubic CaPv at 23 GPa was
26% lower than estimates calculated
from first principles.6 The unexpectedly

low rigidity means that seismic waves
travel significantly more slowly in CaPv
than previously thought. The velocities
match seismic observations at the bound-
ary depth of about 660 km between the
upper and lower mantle.

Stagnant slabs
The experiments demonstrate that seis-
mic-wave velocities through subducted
oceanic crust are much slower at depths
around 660 km than the global average
velocities through pyrolite. The results
are consistent with oceanic crust stagnat-
ing at the top of the lower mantle.

The results do not preclude other
possible explanations for slow seismic
velocities at the boundary between
upper and lower mantle. Hydrated rocks
can release water as they are pushed
downward. The resulting aqueous fluids
can trigger melting in the lower mantle,
and melted material could also lead to
low seismic velocities. Water-containing
minerals encased in diamonds that orig-
inated at similar depths provide evi-
dence for dehydration melting. (See the
article by Marc Hirschmann and David
Kohlstedt, PHYSICS TODAY, March 2012,
page 40.) However, dehydration melting
remains a controversial concept due to
questions about water solubility in cer-
tain key minerals at relevant pressures
and depths. Minerals at 660 km might
not contain enough water to have an 
effect.

“The deep interior of our planet is still
largely unknown, and of particular in-
terest is how it interacts with Earth’s 
surface over geologic time scales,” says

Hauke Marquardt (University of Oxford).
Understanding the fate of subducted
slabs helps reveal how material is trans-
ported deep in the mantle. For example,
any crust that accumulates at the bot-
tom of the upper mantle would play 
a different role in the convective pro -
cesses that carry molten material back up-
ward than if it reached the core–mantle
boundary at 2900 km. (See the article 
by Eugene Humphreys and Brandon
Schmandt, PHYSICS TODAY, August 2011,
page 34.)

The research combines seismologic
observations with experimentally deter-
mined properties of minerals to find for-
mer oceanic crust in Earth’s mantle. More
detailed seismological studies could
help map regions of the mantle that have
low seismic velocities at a range of depths.
Localized maps would reveal differences
between shear and compressional wave
velocities relative to the surrounding man-
tle. Additional measurements of sound-
wave velocities in single crystals of CaPv
and of the polycrystalline samples in
Gréaux’s experiments could explain how
observed velocities change depending 
on the direction of travel through the
crystal lattice.

Rachel Berkowitz
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