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Iron in ancient deep magma ocean probed by
ultra-fast femtosecond X-ray lasers

October 23 2023
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Schematic diagram of the experimental setup showing the pulsed x-ray beam
from the XFEL probing the sample targets during the laser-generated shock
compression. The x-ray (yellow) arrival time was adjusted relative to the optical
laser pump (green) to probe the sample at peak compression. Three
diagnostics/techniques were used concomitantly for each single x-ray pulse: The
Fe KB XES spectrum was collected using a dispersive multicrystal XES emission
spectrometer to extract information about the spin state of Fe (top left inset), the
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XRD pattern in the forward scattering direction provides structural information
(bottom right inset), and the velocity interferometer system for any reflector
(VISAR) data were also collected to obtain the shocked sample thermodynamic
state (top right inset). OPEN IN VIEWER Credit: Science Advances (2023).
DOI: 10.1126/sciadv.adi6153

When the Earth was completing its formation approximately 4.5 billion
years ago, it was enveloped in a global ocean of molten magma,
extending hundreds to thousands of kilometers beneath its surface due to
violent impacts. This early environment bore little resemblance to the
habitable conditions we experience on Earth today.

Nonetheless, these initial few hundred million years were crucial in
shaping our planet's fundamental chemical and physical structures as we
know them today. Key developments during this period included the
formation of Earth's metal-rich core and silicate-rich mantle.

In the present-day Earth's mantle, recent seismic imaging studies have
unveiled large mountain- to continent-sized enigmatic structures in the
lowermost mantle. While the origin of these structures has been debated
for over a decade, numerous models propose that these dense structures
at the bottom of the mantle may be the last vestiges of the ancient global
magma ocean.

A critical experimental observation supporting these models is that iron
tends to concentrate more in the magma than the crystals at high
pressures relevant to the lowermost mantle. This phenomenon renders
the magma denser than the crystallized rocky layer, the mantle, during
the late stages of mantle solidification, causing it to sink. Yet, a
fundamental question persists: Why does iron preferentially dissolve into
the magma rather than the crystals?
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Deep inside rocky planets like Earth, the behavior of iron can greatly affect the
properties of molten rock materials: properties that influenced how Earth formed
and evolved. Scientists used powerful lasers and ultrafast X-rays to recreate the
extreme conditions in these molten rock materials, called silicate melts, and
measure properties of iron. Credit: Greg Stewart/SLAC National Accelerator
Laboratory

Many have postulated that the electronic structure of iron atoms may
hold the key to this question. However, probing the electronic structure
of iron atoms under such extreme conditions presents formidable
challenges.

In pursuit of answers, an international team of scientists including ASU
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team members conducted experiments by subjecting silicate magma to
pressures exceeding 1 million bars and temperatures of 7,000 degrees
Fahrenheit using high-power laser beams. The results of their findings
were published in Science Advances, with ASU School of Earth and
Space Exploration geoscientist and Professor Dan Shim as lead author.

In this shock wave experiment, the sample can maintain a molten, highly
compressed state for mere femtoseconds (a femtosecond is an extremely
short amount of time, equivalent to one quadrillionth of a second). To
investigate the electronic structure of iron atoms in silicate magma,
which can only persist for such a brief time, they measured spectra from
the iron atoms in the sample using ultra-fast, intense X-ray laser pulses at
the Matter in Extreme Conditions (MEC) beamlines of Linac Coherent
Light Source (LCLS), part of Stanford's SLAC National Accelerator
Laboratory.

The experiments revealed that electrons in iron atoms rearrange into a
configuration known as a low spin state, resulting in a denser state. This
denser state is more stable for iron atoms under extreme pressures,
making the magma a more favorable environment for iron atoms to be
in.

This atomic-scale transformation from ultra-fast experiments provides
an explanation for why the magma can become denser than crystals as
the magma ocean was solidifying, elucidating how the structures
observed in seismic studies formed and persist in the deepest part of the
mantle.

"In our experiments, we studied an event that happened 4.5 billion years
ago, a super-long time ago, 10" seconds ago. But to understand the
ancient event, we used a laser-driven shock technique, which can make
very high pressure for only a super tiny fraction of a second," Shim said.
"The difference between the two time scales is mind-bogglingly huge
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(32 orders of magnitude)!"

Remarkably, these experiments also reached the pressure conditions
expected to be found in super-Earth exoplanets, which are rocky planets
beyond our solar system with radii one to 1.8 times greater than Earth's.

The results suggest that magma densification could occur to a much
larger extent in the magma oceans of super-Earths. Other studies have
indicated that dense, iron-rich silicate magmas can generate dynamos at
high pressures.

Therefore, this study may contribute to understanding if silicate magmas
in super-Earths contribute to the generation of magnetic fields,
potentially shielding the thin atmospheres of these planets from the
intense radiation emitted by their host stars.

More information: Sang-Heon Shim et al, Ultrafast x-ray detection of

low-spin iron in molten silicate under deep planetary interior conditions,
Science Advances (2023). DOI: 10.1126/sciadv.adi6153
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