
 

A new way of looking at the Earth's interior
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Current understanding is that the chemical composition of the Earth's
mantle is relatively homogeneous. But experiments conducted by ETH
researchers now show that this view is too simplistic. Their results solve
a key problem facing the geosciences—and raise some new questions.

There are places that will always be beyond our reach. The Earth's
interior is one of them. But we do have ways of gaining an understanding
of this uncharted world. Seismic waves, for instance, allow us to put
important constraints about the structure of our planet and the physical
properties of the materials hidden deep within it. Then there are the 
volcanic rocks that emerge in some places on the Earth's surface from
deep within and provide important clues about the chemical composition
of the mantle. And finally there are lab experiments that can simulate the
conditions of the Earth's interior on a small scale.

A new publication by Motohiko Murakami, Professor of Experimental
Mineral Physics, and his team was featured recently in the journal PNAS
and shows just how illuminating such experiments can be. The
researchers' findings suggest that many geoscientists' understanding of
the Earth's interior may be too simplistic.

Dramatic change

Below the Earth's crust, which is only a few kilometers thick, lies its
mantle. Also made of rock, this surrounds the planet's core, which begins
some 2,900 kilometers below us. Thanks to seismic signals, we know
that a dramatic change occurs in the mantle at a depth of around 660
kilometers: this is where the upper mantle meets the lower mantle and
the mechanical properties of the rock begin to differ, which is why the
propagation velocity of seismic waves changes dramatically at this
border.
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What is unclear is whether this is merely a physical border or whether
the chemical composition of the rock also changes at this point. Many
geoscientists presume that the Earth's mantle as a whole is composed
relatively consistently of magnesium-rich rock, which in turn has a
composition similar to that of peridotite rock found on the Earth's
surface. These envoys from the upper mantle, which arrive on the
Earth's surface by way of events like volcanic eruptions, exhibit a
magnesium-silicon ratio of ~1.3.

"The presumption that the composition of the Earth's mantle is more or
less homogeneous is based on a relatively simple hypothesis," Murakami
explains. "Namely that the powerful convection currents within the
mantle, which also drive the motion of the tectonic plates on the Earth's
surface, are constantly mixing it through. But it's possible that this view
is too simplistic."

Where's the silicon?

There really is a fundamental flaw in this hypothesis. It is generally
agreed that the Earth was formed around 4.5 billion years ago through
the accretion of meteorites that emerged from the primordial solar
nebula, and as such has the same overall composition of those
meteorites. The differentiation of the Earth into core, mantle and crust
happened as part of a second step.

Leaving aside the iron and nickel, which are now part of the planet's
core, it becomes apparent that the mantle should actually contain more
silicon than the peridotite rock. Based on these calculations, the mantle
should have a magnesium-silicon ratio closer to ~1 rather than ~1.3.

This moves geoscientists to ask the following question: where is the
missing silicon? And there is an obvious answer: the Earth's mantle
contains so little silicon because it is in the Earth's core. But Murakami
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reaches a different conclusion, namely that the silicon is in the lower
mantle. This would mean that the composition of the lower mantle
differs to that of the upper mantel.

Winding hypothesis

Murakami's hypothesis takes a few twists and turns: First, we already
know precisely how fast seismic waves travel through the mantle.
Second, lab experiments show that the lower mantle is made mostly of
the siliceous mineral bridgmanite and the magnesium-rich mineral
ferropericlase. Third, we know that the speed the seismic waves travel
depends on the elasticity of the minerals that make up the rock. So if the
elastic properties of the two minerals are known, it is possible to
calculate the proportions of each mineral required to correlate with the
observed speed of the seismic waves. It is then possible to derive what
the chemical composition of the lower mantle must be.

While the elastic properties of ferropericlase are known, those of
bridgmanite are as yet not. This is because this mineral's elasticity
depends greatly on its chemical composition; more specifically, it varies
according to how much iron the bridgmanite contains.

Time-consuming measurements

In his lab, Murakami and his team have now conducted high-pressure
tests on this mineral and experimented with different compositions. The
researchers began by clamping a small specimen between two diamond
tips and using a special device to press them together. This subjected the
specimen to extremely high pressure, similar to that found in the lower
mantle.

The researchers then directed a laser beam at the specimen and
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measured the wave spectrum of the light dispersed on the other side.
Using the displacements in the wave spectrum, they were able to
determine the mineral's elasticity at different pressures. "It took a very
long time to complete the measurements," Murakami reports. "Since the
more iron bridgmanite contains the less permeable to light it becomes,
we needed up to fifteen days to complete each individual measurement."

Silicon discovered

Murakami then used the measurement values to model the composition
that best correlates with the dispersal of seismic waves. The results
confirm his theory that the composition of the lower mantle differs to
that of the upper mantel. "We estimate that bridgmanite makes up 88 to
93 percent of the lower mantle," Murakami says, "which gives this
region a magnesium-silicon ratio of approximately 1.1." Murakami's
hypothesis solves the mystery of the missing silicon.

But his findings raise new questions. We know for instance that within
certain subduction zones, the Earth's crust gets pushed deep into the
mantle—sometimes even as far as the border to the core. This means
that the upper and lower mantles are actually not hermetically separated
entities. How the two areas interact and exactly how the dynamics of the
Earth's interior work to produce chemically different regions of mantle
remains to be seen.

  More information: Motohiko Murakami. Experimental evidence for
silica-enriched Earth's lower mantle with ferrous iron dominant
bridgmanite. PNAS (2020).
www.pnas.org/cgi/doi/10.1073/pnas.1917096117
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