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Executive Summary

The response of forsterite, Mg2SiOs, under dynamic compression is of fundamental
importance for understanding its phase transformations and high-pressure behavior. Here, we have
carried out an in situ X-ray diffraction study of laser-shocked polycrystalline and single-crystal
forsterite from 19 to 122 GPa using the Matter in Extreme Conditions end-station of the Linac
Coherent Light Source.

Under laser-based shock loading, forsterite does not transform to the high-pressure
equilibrium assemblage of MgSiOs bridgmanite and MgO periclase, as has been suggested
previously. Instead, we observe forsterite and forsterite 111, a metastable polymorph of Mg2SiOa,
coexisting in a mixed-phase region from 33 to 75 GPa for both polycrystalline and single-crystal
samples. Densities inferred from X-ray diffraction are consistent with earlier gas-gun shock data.
At higher stress, the response is sample-dependent. Polycrystalline samples undergo
amorphization above 79 GPa. For [010]- and [001]-oriented crystals, a mixture of crystalline and
amorphous material is observed to 108 GPa, whereas the [100]-oriented forsterite adopts an
unknown phase at 122 GPa. The first two sharp diffraction peaks of amorphous Mg2SiO4 show a
similar trend with compression as those observed for MgSiOs in both recent static- and laser-driven
shock experiments.

This study provides new insight into the transformation of forsterite under nanosecond-
duration shock loading. This work emphasizes the importance of formation of metastable phases
along the Hugoniot and adds to evidence that the 300-K single-crystal diamond anvil cell
experiments have relevance for understanding structures formed under shock compression. In
particular, the metastable phase forsterite 11l has now been shown to form under dynamic
compression from 10s to 100s of nanoseconds as well as under 300-K static compression. Upon
compression to higher pressures, Mg»SiOs transforms to an amorphous phase. These results have
broad relevance for understanding the behavior of silicates under dynamic compression.

Introduction

Mg-rich olivine, (Mg,Fe)2SiOs, occurs widely in igneous and metamorphic rocks, and is the
dominant phase in Earth’s upper mantle [1]. The physical properties of liquid Mg>SiO4 are
important for modeling partial melting of the mantle and the behavior of magma oceans. In
addition, olivine is a common constituent of terrestrial planets and meteorites.

Static-compression experiments have shown that at high pressure and temperature (>1000 K),
(Mg,Fe).SiO4 adopts a spinelloid structure (wadsleyite) at about ~14 GPa, and then transforms to
a spinel structure (ringwoodite) at ~18 GPa. At 24 GPa, ringwoodite dissociates into (Mg,Fe)SiOs,
bridgmanite and (Mg,Fe)O, ferropericlase which are expected to be the major phases of Earth’s
lower mantle. These phase transitions in the (Mg,Fe)>SiO4 system are the primary cause of the
major seismic discontinuities at 410-, 520-, and 660-km depths in the Earth’s mantle [1]. These
discontinuities play a key role in controlling the dynamics and heat flow in the Earth’s interior [1].



Metastable polymorphs of forsterite, Mg2SiO4, the Mg end-member of olivine, have also been
reported at high pressure. A 300-K single-crystal X-ray diffraction (XRD) study showed that
forsterite (orthorhombic, Pbnm) transforms to forsterite 11 (triclinic, P1) and forsterite Il
(orthorhombic, Cmc2;) at 50 and 58 GPa, respectively [2]. Fo Ill is related to the post-spinel
calcium titanate structure and has fully 6-coordinated silicon. It remains metastable to above 100
GPa at ambient conditions.

Due to the geophysical importance of Mg-rich olivine, there has been much interest in
understanding its shock-compression behavior. The Hugoniot of forsterite has been interpreted to
reflect transformation to a high-pressure phase through a broad mixed-phase region that begins at
about 50 GPa and is completed near 100 GPa [3]. This stress is much greater than that required
for transformation of olivine in static experiments, suggesting a role for kinetics on the short
timescales of shock experiments. The metastable Fo Il phase has been reported in recent gas-gun
experiments at 44 and 73 GPa based on in situ XRD data [4]. However, the exact natures of the
mixed-phase and high-pressure phase regions are still not well understood.

Constraining the behavior of olivine under dynamic loading is necessary for understanding its
metastable states, transformation pathways and kinetics, structural polymorphism, and equations
of state, which all play a role in interpreting geophysical phenomena. Here, we report the results
of in situ XRD measurements on laser-shock experiments on forsterite samples covering a wide
stress range.

Experimental Approach

Sample Preparation

Synthetic single-crystal and polycrystalline Fo (Mg2SiOs) samples cut into 1 mm x 1 mm %
~50 um slices were used in this study. The single-crystal samples (Roditi International, unit-cell
volume Vo=290.0 A% were cut from a 10 x 10 x 10 mm? cube, with the main face of each slice
oriented normal to the a-, b-, or c-axis. The fully dense, synthetic, sintered polycrystalline
aggregates from the same source as used in Newman et al. [4].

Laser Shock Experimental Configuration

Laser-driven shock-compression experiments were performed at the Matter in Extreme
Conditions (MEC) end-station of the Linac Coherent Light Source (LCLS) at the Stanford Linear
Accelerator Center [5]. Target packages consisted of a polyimide (CH) ablator glued to a Fo
sample with or without a LiF window epoxied to the rear surface (Figure 1). Samples were shock
compressed using one or both of the lasers from a two-beam 527-nm Nd:glass laser system. The
laser pulses were 10-15 ns in duration with a quasi-flat-top shape. Experiments were performed
both with and without phase plates. The shock stress was varied from 19 to 122 GPa by tuning the
laser spot size, pulse length, and laser energy. Pulse shapes were monitored to assess the
reproducibility of the drive conditions for a given laser energy, pulse length, and spot size.
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Stress Determination

The forsterite free-surface or Fo/LiF-interface velocity was monitored by a line-imaging
velocity interferometer system for any reflector (VISAR). The VISAR provided information on
the shock arrival time, spatial planarity, and peak elastic stress. For a given drive condition, the
peak stress in a sample backed by a LiF window was determined by impedance matching As the
strength of forsterite on the Hugoniot is poorly constrained, we have not made any correction for
the difference between axial stress and mean pressure. Hydrodynamic simulations were performed
using the one-dimensional hydrocode, HYADES, to provide additional constraints of the stress
evolution on compression and release.
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Figure 1. Schematic of the experimental setup for X-ray diffraction under laser-driven shock
compression.

X-ray Diffraction Analysis

Samples were probed by angle-dispersive X-ray diffraction. The LCLS provided quasi-
monochromatic 8.5 keV X-ray pulses of 60-fs duration, each containing 10*2 photons. The X-rays
were focused to a spot size of ~20 um at the center of the laser drive. Diffraction peaks from the
sample were recorded on four Cornell-SLAC Pixel Array Detectors. The CSPAD images were
integrated azimuthally to convert them to one-dimensional XRD patterns. CeO, and LaBs were
used as standards to calibrate the sample-to-detector distance and the orientation of each detector.

A single XRD pattern was collected during each shock-compression experiment. A time series
of diffraction patterns was collected by changing the XRD probe time on a sequence of shots using
the same drive conditions and nominally identical targets with and without a LiF window. The
stress for the series of shots was determined from the target with a LiF window. Diffraction peak



assignments were initially made by comparing the observed peaks to predicted peak positions
based on 300-K static data at similar pressures. Lattice d-spacings were obtained by peak fitting,
and unit-cell parameters were refined by least-squares fitting.

Results

Compressed forsterite was identified in XRD patterns collected from single crystals shocked
to 19 GPa and 25 GPa. At 33 GPa, new peaks were observed that could be assigned to the
metastable phase Forsterite I11. These results are in agreement with recent in situ XRD results from
gas-gun experiments, which first reported evidence for the formation of Fo Il during shock
loading of forsterite [4].
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Figure 2. Relative unit-cell axial lengths of (a) forsterite and (b) forsterite 111 under shock and
static compression.

Forsterite 111 peaks were observed for all four types of starting materials when shock-
compressed to stresses in the range of 33 to 75 GPa. Figure 2 shows the relative lattice parameters
determined for Fo and Fo Il in this study compared with previous shock (gas-gun) and static-
compression data. Although there are uncertainties in the shock-wave data due to the spotty nature
of the patterns as well as stress uncertainty, the lattice parameters are generally consistent with
static data and ab initio computations [6].

Figure 3 shows densities obtained from our XRD measurements compared with those
measured at the continuum level from gas-gun experiments. Beginning at 28 GPa, continuum
Hugoniot states become at first slightly and then increasingly denser than forsterite at 300 K,
consistent with the appearance and growth of the denser polymorph, as observed in our XRD data.
Above 60 GPa, the densities of Fo Il determined from our X-ray data are similar to static-
compression results for this phase [2].



Our results for Mg2SiOg are similar to those reported recently for [100]-oriented single crystal
enstatite, (Mg,Fe)SiOs, under nanosecond laser shock compression where a mixture of enstatite
and a dense pyroxene-like phase was observed up to 80 GPa [7]. The dense phase is suggested to
be similar to the B-post-opx phase identified in 300-K single-crystal diamond cell experiments [8].
Thus, both enstatite and forsterite appear to adopt a phase mixture over similar stress ranges on
the Hugoniot composed of a compressed low-pressure phase and a high-pressure phase that
corresponds to the metastable phase found in low-temperature diamond cell experiments. This
indicates that mafic silicates may exhibit similar behavior under shock loading and highlights the
role of metastable phases along the Hugoniot at nanosecond timescales.
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Figure 3. Densities determined from the present data (red symbols) compared to continuum
gas-gun results.

Upon compression of polycrystalline forsterite above 79 GPa, we observe only broad
untextured features that we interpret as amorphization of the sample. For [010 and [001] single
crystals compressed to 108 GPa we observe evidence for significant disordering but not complete
amorphization. In contrast, [100]-forsterite shocked to a peak stress of 122 + 24 GPa retains a high
degree of crystallinity.

Diffraction data from silicate glasses are generally characterized by a broad peak at low values
of the scattering vector, Q, known as the first sharp diffraction peak (FSDP). Under compression,
a second feature (2" sharp diffraction peak, SSDP) also emerges in silicate glasses. Figure 4 shows
the position of the first two sharp diffraction peaks (SDPs) for amorphous Mg2SiOa4 in our study
compared to previous static and shock data for Mg>SiO4 and MgSiOs as a function of pressure.



Our XRD data for shock-compressed Mg>SiOs shows values and trends similar to the
dynamic- and static-compression data for MgSiOs[7,9,11] and static-compression data for
Mg2SiO4 glass [10]. The pressure dependence of the SDP positions provides evidence of structural
modifications under compression. For Mg2SiOs, first SDP has been ascribed primarily to Mg-Mg
and Mg-Si interactions, whereas the second SDP is associated with O-O and Mg-O interactions
appearing at high pressure [10,12]. The FSDP and SSDP for Mg>SiO4and MgSiOz show a similar
trend with increasing pressure. Our results provide evidence for shock-induced amorphization of
forsterite above 79 GPa. This contrasts with previous interpretations of continuum gas-gun data
that suggest decomposition to crystalline periclase (MgO) and bridgmanite (MgSiO3). In dynamic-
compression experiments, transformation to an equilibrium or metastable crystalline assemblage
over laser (~ns) and/or gas-gun (~us) timescales may be inhibited by low ionic diffusivity in the
solid state. As a result of this kinetic limitation, a shocked sample may adopt a metastable
amorphous structure as an intermediate state. It is worth noting that our results on forsterite above
80 GPa are also similar to those reported on single-crystal enstatite where amorphization is also
observed at similar high stresses (>80-128 GPa) but below the expected melting pressure [7],
further evidence for the corresponding behavior of enstatite and forsterite under shock loading.
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Figure 4. Position of the first (FSDP) and second (SSDP) amorphous diffraction peaks for
shocked-compressed [010], [001] and polycrystalline forsterite (red circles) compared to laser-
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Summary

The phases adopted by forsterite under laser-driven shock loading to 19 — 122 GPa were
determined by X-ray diffraction. Our results indicate that forsterite and the metastable polymorph
forsterite 111 coexist from ~33 to 75 GPa along the Hugoniot. This is generally consistent with a
previous X-ray diffraction study using gas-gun experiments. The lattice parameters and densities
of forsterite and forsterite 111 under compression determined from our shock data are consistent
with values from continuum gas-gun data, as well as static-compression and gas-gun X-ray
diffraction studies.

Higher stress behavior under dynamic loading depends on the initial crystal orientation.
Polycrystalline forsterite undergoes amorphization above 79 GPa, but the [100]- and [001]-
oriented single crystals show only partially disordered structures at 108 GPa. For the [100]
orientation, an unknown crystalline phase occurs up to 122 GPa. For amorphous Mg.SiO4 at 79-
108 GPa, two sharp diffraction peaks are observed, which are consistent with values for amorphous
Mg2SiO4 and MgSiOz under static compression and MgSiO3 under dynamic compression.

This study provides new insight into the transformation of forsterite under nanosecond-
duration shock loading. This work emphasizes the importance of formation of metastable phases
along the Hugoniot and adds to evidence that the 300-K single-crystal diamond anvil cell
experiments have relevance for understanding structures formed under shock compression. In
particular, the metastable phase forsterite 11l has now been shown to form under dynamic
compression from 10s to 100s of nanoseconds as well as under 300-K static compression. Upon
compression to higher pressures, Mg»SiO4 transforms to an amorphous phase. These results have
broad relevance for understanding the behavior of silicates under dynamic compression.
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