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ABSTRACT

The comprehension of the composition and physical state of the deep interiors of large planets, as well as
the impact events pertinent to planetary formation and evolution, necessitates an understanding of the
properties of planetary materials under extreme conditions. Forsterite (Mg,SiO4), a significant geological
mineral, has not been fully characterized in terms of its behavior under shock compression due to a lack
of consensus among previous experiments and simulations aimed at determining its Hugoniot, as well as
the absence of knowledge of sound velocity at high pressures, a critical parameter indicative of phase
transformation and melting.

In this study, we delineated the Hugoniot curve of the mineral forsterite up to immense pressures of
1200 GPa. For the first time, we successfully constrained its sound velocity along the Hugoniot curve
up to 760 GPa by combining laser-driven shock experiments with first-principles molecular dynamics
simulations. The measured Hugoniot data for forsterite corroborated previous findings and suggested
the occurrence of incongruent melting during shock compression. Remarkably, along their respective
Hugoniot curves, the sound velocity of forsterite was observed to fall between that of the minerals bridg-
manite and periclase. The remarkable agreement between the experimental results and simulation data
provides reliable sound velocity measurements on the forsterite Hugoniot, which is critical for compre-
hensively understanding the phase transition and melting behavior of forsterite under ultra-high pres-
sures. This knowledge sheds invaluable light on the behavior of this significant geological mineral
under extreme conditions akin to those found in the interiors of planets.

© 2024 China University of Geosciences (Beijing) and Peking University. Published by Elsevier B.V. on
behalf of China University of Geosciences (Beijing). This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

super-Earth has a core-mantle-boundary pressure of 1.3 TPa and a
central pressure of approximately 4 TPa (Wagner et al., 2012). This

The understanding of the behavior of geological materials under
extreme conditions is crucial for elucidating the impact events dur-
ing the planetary formation and uncovering the structure, compo-
sition, and evolution of large planets, such as super-Earths.
Dynamic compression is the sole method capable of creating such
extreme conditions (Duffy and Smith, 2019). For instance, a 10 Mg
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far exceeds pressures achievable through static compression,
which typically range from tens of GPa for large volume presses
to hundreds of GPa for diamond anvil cell (Anzellini and Boccato,
2020; Hirao et al., 2022; Mao and Mao, 2022).

With the advancement of experimental techniques and the
accomplishment of complicated loading paths, ultra-high pressure
studies on geological materials have greatly progressed in recent
years, primarily focusing on the equation of states (EOS), phase
transitions, and melting behavior (Duffy and Smith, 2019; Li
et al., 2022). For instance, the first direct structural evidence for
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the B1-B2 phase transition in MgO was observed through in-situ X-
ray diffraction in the ramp compression experiments (Coppari
et al., 2013). The melting curve of silica under super-Earth condi-
tions has been determined through the shock loading of fused sil-
ica, o-quartz, and stishovite (Millot et al., 2015). A reference
density profile of MgSiO; mantle of super Earths up to at least 8
Mg has been updated based on high-quality density data of solid
MgSiOs, which was obtained from direct shockwave loading of
pre-synthesized bridgmanite (Fei et al., 2021).

As another important terrestrial material, the shock-
compression behavior of forsterite (Mg,SiO4) remains controver-
sial. Sekine et al. (2016) conducted laser-driven shock experiments
on single-crystal forsterite from 250 to 970 GPa and observed sev-
eral slope changes in the Us-Up space and pressure-temperature
(P-T) data between 270 and 470 GPa on the forsterite Hugoniot.
This phenomenon was attributed to a series of complex phase tran-
sitions, including the incongruent crystallization of MgO from liq-
uid forsterite, subsequent phase transition of solid MgO, and its
melting (Sekine et al., 2016). However, due to the experimental
challenges associated with these extreme conditions, exact melting
scenario remained inconclusive (Bolis et al., 2016; Root et al,,
2018). To understand phase transitions and melting processes, reli-
able simulations and direct structural observations or thermody-
namic parameters measurements are essential. For instance, a
sudden decrease in sound velocity suggests that forsterite may
melt at approximately 150 GPa (Brown et al., 1987). Recent in-
situ X-ray diffraction measurements have revealed that forsterite
would transform into its metastable phase, forsterite III, at 30-75
GPa along the Hugoniot curve (Newman et al., 2018; Kim et al.,
2021). This is due to the kinetic effect in the shock compression
experiments, which inhibits the transformation of forsterite into
the assemblage of bridgmanite and periclase, the stable phase
under these conditions. However, there is a current lack of struc-
tural observations and sound velocity measurements and simula-
tions above 200 GPa on the forsterite Hugoniot.

In this study, we use both the laser-driven shock experiments
and first-principles molecular dynamics (FPMD) simulations to
obtain the Hugoniot curve of forsterite up to 1200 GPa and report
the sound velocity of forsterite along the Hugoniot curve up to 760
GPa for the first time. The agreement between experimental and
computational results provide a reliable dataset for further under-
standing the melting properties of forsterite at ultra-high pressure.

2. Methods
2.1. Experiments

The laser-driven shock compression experiment was conducted
at the Shen Guang-III prototype (SG-IIIp) laser facility (Gong et al.,
2019; Lan, 2022; Fan et al., 2023), situated at the Laser Fusion
Research Center (LFRC) in Mianyang, China. The SG-IIIp laser sys-
tem operates at a wavelength of 351 nm, achieved through fre-
quency tripling of Nd:glass, with 8 beams delivering 800 ] of
energy per beam and nanosecond pulse shaping capability, while
the 9th beam provides up to 3000 J within a 3—20 ns pulse dura-
tion. In the present experiment, 8 laser beams delivered a total of
6400 ] of laser energy into the hohlraum, with a 1-4 ns flat-top
temporal pulse shape. An intense, uniform radiation field, gener-
ated within the hohlraum through X-ray absorption, deposited
energy into the designed Al pusher, thereby generating a strong
shock wave that compressed the forsterite samples up to 1.2 TPa
(Liu et al., 2018; Sun et al., 2021; Wang et al., 2021). The schematic
representation of the shock compression experimental setup is
illustrated in Fig. 1. Detailed information regarding the targets is
provided in the Supplementary data Fig. S1.
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For shock Hugoniot measurements, Al and quartz were utilized
as the reference standard and transparent reference, respectively,
Transparent single-crystal forsterite samples with an initial den-
sity of 3.226 g/cm> were used in the experiment. The shock com-
pression was performed along the <100> crystal direction, with
the free sides of the forsterite sample maintained perpendicular
to the shock compression direction. Anti-reflection coatings opti-
mized for a wavelength of 532 nm were applied to the rear sample
surfaces to minimize back reflections. The refractive index of for-
sterite at 532 nm was 1.60.

The standard line velocimetry interferometer system for any
reflector (VISAR) (Celliers and Millot, 2023) with 532 nm probe
laser wavelength was the primary ultrafast diagnostic. The shock
front in transparent forsterite becomes reflective at above 200
GPa (Sekine et al., 2016). In the present experiments, initial shock
waves in samples were strong enough. VISAR continuously tracks
the optical reflecting shock front as a function of time. Fig. 1b
shows the typical raw data for VISAR measurement in shot 344.
When the shock breaks out from Al into the sample, the shock
velocities of forsterite and quartz were measured simultaneously
by line-VISAR. The particle velocity Up was determined by the
impedance-matching (IM) technique using the Hugoniot of Al
and quartz and the release of Al for the reference materials
(Celliers et al., 2005; Hamel et al., 2012; Sekine et al., 2016).

As the time progresses shown in Fig. 1b, the lateral release wave
emanating from the free side surpasses and subsequently bends
the shock fronts in a continuous manner within transparent sam-
ples, which should otherwise propagate planarly, as observed in
the central regions. The trajectory of the bent location could poten-
tially serve as an indicator of the sound velocity, utilizing the
methods developed by Al'Tshuler et al. (1960) and Zel’'Dovich
and Raizer (2002), and proposed for implementation in laser shock
experiments (Li et al., 2018; Sun et al., 2021).

The sound velocity Cs can be obtained by Eq. (1):

Cs = Us x \/(tanzcb +(1- Up/Us)z) (1)

where Us is the shock velocity, Up is the particle velocity behind the
shock front, and ¢ is the angle between the shock direction and the
bending trace. The angle ¢ was determined by VISAR measurement,
considering the spatial scaling factor M as ¢ = tan '[(dx/M)/dy].
Here, dx is the horizontal pixel difference between the initial and
final bend positions, and dy is the travel distance when the shock
propagates over a certain time interval. In the analysis, the average
sound velocity for each shot was calculated using the average shock
velocity, as the shock velocity Us did not exhibit significant decay.

Two VISAR etalons with lengths of 10 mm and 7 mm were
employed in two independent interferometers to constrain the
integer number of base fringe shifts. The velocity sensitivities [ve-
locity per fringe (VPF)] were obtained as 3.015 and 4.323 pm/ns/
fringe for forsterite, and 3.235 and 4.639 pum/ns/fringe for quartz.
The low-VPF VISAR was used for determining the final velocity
value due to more precise values compared to the high-VPF VISAR.
An injection-seeded, Q-switched, yttrium-aluminum garnet laser
operating at a wavelength of 532 nm served as the probe laser
beam for VISAR. The shock velocity histories in forsterite and
quartz could be derived from the changes in the fringe pattern
recorded by streak cameras. Planar regions with at least four
fringes in each shot were carefully selected to ensure accurate
determination of the shock velocities. The data reduction was per-
formed using a 1D Fast Fourier Transform (FFT) analysis of the
phase and intensity of the fringes (Celliers and Millot, 2023). Prior
to the experiments, the nonlinear sweep rates of the streak cam-
eras and the spatial scaling factor M=0.536 (pum/pixel) for the L-
leg VISAR were calibrated. A 20-nanosecond temporal window
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Fig. 1. Experimental setup and time-resolved measurements for dynamically compressing forsterite under shock loading. (a) Schematic of the laser shock experiment setup
using VISAR line-imaging velocimetry (532 nm) to directly measure the response of forsterite (Mg,SiO4) and quartz (SiO,) samples under shock compression. The samples
with anti-reflection coatings were attached to an Al buffer plate with a 15 um Al ablator layer, 5 pm Au layer, and 30 pm Al pusher to generate and tailor the shock wave. The
quartz standard enables precise Hugoniot measurement, while monitoring the lateral release waves from forsterite’s free surface yields its sound velocity at high pressures.
(b) Typical VISAR data (Shot 344) shows the shock decay after breaking out from Al, as well as the shock fronts in forsterite, quartz, and the lateral release waves from the free
sides of forsterite and quartz, captured by time-resolved line-imaging velocimetry. See Supplementary Materials for details.

was utilized by the streak cameras to detect the reflected probe
signal, providing uncertainties less than approximately 1% in the
shock velocity measurements. The temporal resolution was esti-
mated for the employed streak window.

For standard material, the quartz Hugoniot we used to be
Us = (2.40 +0.10) + (1.68 £ 0.02)Up — (0.0155 =+ 0.0010)Up?
(Hamel et al, 2012). And we used the Al Hugoniot as
Us = (17.992 4+ 0.078) + (1.167 £ 0.026)(Up — 9.838) (Celliers
et al., 2005). In sound velocity analysis, we used the general Us-
Up relations to calculate Up from the relations
Us = 6.89 + 1.22Up — 1.50Upe %4% in the ref. (Root et al., 2018).
The IM interface shock velocity UL’ for forsterite and UY for quartz
were obtained by the extrapolation of the velocity history in
200-600 ps periods after shock break from Al standard.

The uncertainties for the Hugoniot parameters of forsterite
were propagated using the Monte Carlo method based on uncer-
tainties. One thousand datasets were randomly generated within
the specified uncertainties. Random errors arise from uncertainties
in the observables (shock velocities), while systematic errors orig-
inate from uncertainties in the standard materials used in experi-
ments (quartz and Al), the precision of the various fits employed,
the principal Hugoniot and release models. The systematic errors
in the sound velocity measurements, stemming from the coeffi-
cients in the forsterite Hugoniot relations, the spatial scaling factor
M, and the resolutions of streak cameras, primarily contribute to
an uncertainty of approximately 5%. Meanwhile, the random errors
associated with the selection of data points are reduced through
the averaging process in the sound velocity analysis. More details
for uncertainties are shown in the Supplemental Materials (Sup-
plementary data Figs. S2-S3).

2.2. FPMD simulation details

The Hugoniot curve describes the locus of all possible shocked
states from a given initial state and is governed by the Rankine-
Hugoniot jump conditions (Duvall and Graham, 1977) Egs. (2)-(4):

e+ (5o 3) @)

Eoko= Po P
0

N =

P- Po = pOUSUp (3)
__PoUs
p - US _ UP (4)

where E, P, p, Us, and Up represent specific internal energy, pressure,
density, shock velocity, and particle velocity, respectively, with the
subscript 0 denoting the initial state. To determine the Hugoniot
curve, we calculated the pressure and internal energy under varying
temperatures and a given volume within the NVT ensemble,
thereby establishing the P-E-T relationship at the given volume,
from which the solution that satisfies the Eq. (2) can be determined.

The bulk sound velocity Vg can be deduced from the following

V=[S  Ko=(1+mTks,
, , o
Kr = _V(%)T' x= % (%)P' Y= V(%)v‘ (%)T == E%)):' where o, y, Kr,

and Ks represent thermal expansion, Gruneisen parameter, iso-
therm bulk modulus, and adiabatic bulk modulus, respectively.
To calculate the sound velocity for each Hugoniot point (P* V*),
we calculated the pressure and internal energy under varying tem-
peratures and the given volume within the NVT ensemble to obtain
the P-E-T relationship at the given volume V*, as well as the volume
and internal energy under varying temperatures and the given
pressure within the NPT ensemble to obtain the V-E-T relationship
at the given pressure P*. From this, the isochoric derivatives (%),
and (%), as well as the isobaric derivative (%),, can be obtained,
thereby enabling the derivation of thermodynamic parameters
and sound velocity. The uncertainties of these properties were esti-
mated using the block-averaging method (Flyvbjerg and Petersen,
1989) and error propagation.

First-principles molecular dynamics (FPMD) simulations were
performed using the VASP with Perdew-Burke-Ernzerhof (PBE)
projector-augmented wave (PAW) potentials (Kresse and
Furthmiiller, 1996; Perdew et al., 1996). The initial configuration
is a 2 x 1 x 2 supercell of forsterite (16 Mg,SiO4, 112 atoms) with
a density of 3.2224 g/cm>. The gamma-point Brillouin-zone sam-
pling was adopted. A plane wave cutoff energy of 800 eV was uti-
lized to minimize the Pulay stress. The core radii are Mg: 1.058 A
(2p®3s?), Si: 1.312 A (3523p?), and O: 0.820 A (2s22p*). This set of

thermodynamic  relationship:
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Fig. 2. The Hugoniot measurement and calculation of forsterite with error bars in
the (a) Us-Up and (b) Pressure-density planes. Previous experimental data are
illustrated for comparison (Jackson and Ahrens, 1979; Marsh, 1980; Watt and
Ahrens, 1983; Mosenfelder et al., 2007; Sekine et al., 2016; Root et al., 2018). Our
data in FPMD calculation and experimental measurement are close to the previous
results in refs. (Sekine et al., 2016; Root et al., 2018).

pseudopotentials has been successfully utilized in previous studies
to conduct FPMD simulations at pressures exceeding 1 TPa for
MgSiOs (Fei et al., 2021) and Mg,SiO,4 (Root et al., 2018). Thermal
equilibrium between ions and electrons was assumed via the Mer-
min functional (Mermin, 1965). Run durations with a time step of
1 fs ranged from 5 to 10 ps, with the first 1 ps allowing the system

Table 1
Shock Hugoniot data for forsterite in the present measurement.
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to reach thermal equilibrium and the remaining time utilized for
statistical equilibrium properties.

3. Results and discussion
3.1. The Hugoniot curve of forsterite

The measured shock Hugoniot of forsterite in both the Us-Up
space and the pressure-density space is illustrated in Fig. 2 and
summarized in Table 1. The present Hugoniot data at higher pres-
sure (>600 GPa) agree well with the previous results (Sekine et al.,
2016). Our experimental data also support a higher density at pres-
sure above 800 GPa along Hugoniot, but the slope changes for Us-
Up relation observed in the previous measurement (Sekine et al.,
2016) are difficult to confirmed due to the limited data and exper-
imental error bars in the present results.

Furthermore, we performed a series of NVT FPMD simulations
at varying temperatures and a fixed density to ascertain the P-E-
T relationship at the specified density (Table 2). The Hugoniot data,
the solution of equation (2), were determined from the P-E-T rela-
tionship without extrapolation (see Table 3), thereby ensuring the
reliability of our results. Our FPMD simulations yielded more con-
sistent results with Root et al. (2018) rather than Sekine et al.
(2016). The temperatures on the forsterite Hugoniot determined
from FPMD simulations are generally consistent with the prior
experimental results (Lyzenga and Ahrens, 1980; Bolis et al,
2016; Sekine et al., 2016; Root et al., 2018) within the certain
uncertainties, illustrated in Fig. 3. The radial distribution functions,
which show the presence of short-range order with no long-range
order (Supplementary data Fig. S4), and mean square displace-

Table 2
Converged thermodynamic quantities and statistical standard errors from FPMD
calculations.

p(kg/m?) E T P
(M]/kg) (K) (GPa)

322239 ~32.50 + 0.01 299+ 5 6.0 £ 0.06
5550.72 ~19.47 £ 0.02 3978 + 12 2059 + 020
5550.72 ~16.47 £ 0.03 5967 + 17 222.8 +0.30
6198.85 ~6.69 % 0.06 8939 + 22 356.8 + 0.52
6198.85 ~2.64 £ 0.07 10928 + 26 3812 + 053
6437.22 ~1.18 £ 0.09 10920 + 27 4233 +0.71
6437.22 456 £ 0.07 13903 + 32 458.3 £ 0.57
6688.08 8.55 + 0.08 14888 + 34 521.4 t 0.66
6688.08 17.53 + 0.09 19852 + 40 575.8 + 0.64
6952.03 16.17 + 0.09 17859 + 39 6122 + 0.65
6952.03 28.20 £ 0.07 24801 + 50 686.1 % 0.55
7230.11 3410+ 0.11 26769 £ 54 774.2 + 0.80
7230.11 38.81+0.10 29744 £ 54 8035 + 0.78
7383.49 40.48 + 0.09 29733 + 56 844.9 + 0.73
7383.49 50.72 + 0.10 36159 + 68 907.7 £ 0.75
7523.18 46.62 +0.10 32695 + 58 9122+ 0.76
7523.18 55.99 + 0.11 38631 + 65 969.8 + 0.83

Shot No. U2 (km/s) Ufe (km/s) uke (km/s) P™ (GPa) o™ (glem?)
340 24.42 +0.19 24.01+0.16 14.37 £ 0.13 1113.16 + 28.94 8.04 + 0.33
341 26.03 £0.19 25.27 +0.21 15.74 + 0.40 1283.95 + 35.57 8.56 + 0.42
343 2022 +0.14 2027 +0.17 11.10 + 0.24 725.95 + 16.91 7.13 £0.22
344 2038 £0.17 2037 £0.17 11.23 + 0.26 737.88 + 17.93 7.19 £ 023
345 17.86 + 0.11 17.86 + 0.10 9.47 + 0.20 541.72 + 12.24 6.92 +0.18

Note: UE” and US are the measured shock velocities in forsterite and quartz with measurement errors. The pressure P, density p™, and particle velocity U,’Z” are determined
from the impedance-matching calculations with errors (random and systematics errors). Random errors come from measurement uncertainties in U?’ and Ug, and systematic
errors come from uncertainties in the principle Hugoniot of quartz and Al and the release of Al.
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Table 3

The shock Hugoniot parameters obtained by the simulations.
p (kg/m?) E (M]/kg) T (K) P (GPa) Us (km/s) Up (km/s)
5550.72 -18.27 £ 1.55 4779 £ 1029 213+ 12 12.38 £ 0.80 5.19 £ 0.15
6198.85 —4.48 + 3.01 10025 + 1479 370 £ 27 1534 £ 1.27 7.36 £0.27
6437.22 2.51 £2.96 12837 + 1539 446 + 28 16.54 + 1.18 8.26 + 0.26
6688.08 11.19 £ 243 16350 + 1346 537 £23 17.83 £ 0.86 9.24 £ 0.20
6952.03 21.89 £ 2.11 21162 = 1219 647 £ 19 19.26 + 0.64 1033 £ 0.15
7230.11 35.21 £1.99 27551 + 1716 781 £17 20.83 £ 0.51 11.55+0.13
7383.49 43.57 + 4.45 31671 + 2799 864 + 38 21.74 £ 1.07 12.25 +0.27
7523.18 51.74 £ 5.87 35938 + 3724 944 + 50 2257 £ 134 12.90 + 0.34
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Fig. 3. The Hugoniot Pressure-Temperature for forsterite at high pressures.
Previous experimental data are plotted for comparison (Lyzenga and Ahrens,
1980; Bolis et al.,, 2016; Sekine et al.,, 2016; Root et al., 2018). Our calculation in
FPMD for molten forsterite is highly close to the previous measurement results in
the reference (Root et al., 2018).

Table 4
Experimental measurement sound velocity of forsterite along shock Hugoniot in the
present study. The total errors were considered.

Shot No. P (GPa) p (g/cm?) Vg (km/s)

340 695.34 £+ 17.48 7.08 £ 0.00 1491 + 0.91
341 762.53 £+ 19.31 7.22 £ 0.01 16.32 + 0.81
344 389.38 £ 10.02 6.30 £ 0.01 13.56 + 0.58
347 425.19 £ 11.00 6.41 £ 0.01 13.14 + 0.60

ments, which reach the linear diffusion regime (Supplementary
data Fig. S5), corroborate that forsterite has melted within our cal-
culated P-T regimes along the Hugoniot curve. Consequently, the
Hugoniot determined through FPMD simulations corresponds to
the case of simple liquid forsterite.

3.2. Thermodynamic parameters and sound velocity of forsterite along
the Hugoniot curve

The thermodynamic relationship mentioned above indicates
that the accurate calculation of the derivatives, namely (%),
(&), and (%), is crucial for determining the sound velocity of lig-
uid forsterite. For each Hugoniot data point, at least four NVT and
four NPT FPMD simulations were performed to ensure the reliabil-
ity of the derivatives (Supplementary data Fig. S6). The P-E points
and P-T points with errors obtained within the NVT ensemble, as

well as the V-T points with errors obtained within the NPT ensem-

ble, were linearly fitted using the weighted linear regression
(Thirumalai et al., 2011), from which the derivatives (%), (),
and (%), can be deduced. The data pairs exhibit an excellent linear
relationship, suggesting the derivatives are well constrained (Sup-
plementary data Fig. S7).

The derived thermodynamic parameters, including thermal
expansion o, Gruneisen parameters 7, isotherm bulk modulus Kr,
and adiabatic bulk modulus Ks are reported in Fig. 4 and Table 5.
The Gruneisen parameter of liquid forsterite decreases with
increasing density, which has been observed in silica melt (M. Li
et al, 2018) and MgSiO; melt (Millot et al., 2020). In addition,
Davies et al. (2020) experimentally measured Gruneisen parame-
ters of forsterite under released states, and their trend generally
aligns with our results (see Fig. 4b).

The measured sound velocity data of forsterite along the Hugo-
niot up to 760 GPa is illustrated in Fig. 5 and listed in Table 4. Our
sound velocity data shows a gradually increase along pressure
from ~ 400 GPa to 760 GPa. Our FPMD simulations also provided
the sound velocity of liquid forsterite up to 900 GPa, summarized
in Table 5. The good agreement between the simulations and
experimental data suggests that the FPMD simulations reproduce
well the behavior of liquid Mg,SiO,, thereby confirming the relia-
bility of our measured results.

Previous studies by Brown et al. (1987) measured four sound
velocity points for forsterite and one sound velocity point for
Fo90 olivine ((MgooFeo1)2Si04). They speculated that forsterite
would melt at approximately 150 GPa, based on the sudden
decrease in sound velocity. Given that the addition of iron would
decrease the sound velocity, the sound velocity of Fo90 olivine
(the orange circle in Fig. 5) aligns with the sound velocity of liquid
forsterite from FPMD simulations, suggesting the observed
decrease in sound velocity in Brown et al. (1987) indeed reflects
the onset melting of forsterite.

The sound velocities of bridgmanite and periclase along their
respective Hugoniot curves (McCoy et al., 2019; Fei et al., 2021)
are also plotted in Fig. 5 and their sound velocity-density relations
are also shown in Supplementary data Fig. S8 for comparison.
Along their respective Hugoniot curves, the sound velocity of for-
sterite (Mg,SiO,4) lies between those of bridgmanite (MgSiOs) and
periclase (MgO). Furthermore, we calculated the sound velocity
of bridgmanite and periclase melt using the same calculation pro-
cesses, as indicated by the open blue square and green triangle in
Fig. 5, respectively. These results are also consistent with the pre-
vious measurement data. Comparing the behavior for sound veloc-
ity of bridgmanite near 500 GPa as abrupt drop of sound velocity
(purple and blue squares), the sound velocity data for Mg,SiO,4
increases at pressures 40 — 190 GPa, then drops at ~ 190 GPa
and continues to gradually increases at higher pressures up to
760 GPa, which indicating the melting process for shocked
forsterite.

The discontinuous P-T data observed in the forsterite Hugoniot
curve suggest incongruent melting or the occurrence of complex
phase transitions (Sekine et al., 2016). However, the experimental
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Table 5

Shock Hugoniot data for forsterite in the present simulation. Thermal parameters and sound velocity of forsterite melt along the Hugoniot curve are obtained from FPMD

simulations.
p (kg/m?) y o (10° K1) Kr (GPa) Ks (GPa) Vg (km/s)
5550.72 1.13 £ 0.02 1.49 + 0.05 719 £ 27 780 + 30 11.86 £ 0.23
6198.85 0.99 £ 0.02 1.22 + 0.04 1028 + 34 1152 + 38 13.63 £ 0.22
6437.22 0.94 + 0.01 0.98 + 0.03 1196 + 37 1341 £ 42 14.43 £ 0.23
6688.08 0.92 +0.01 0.83 £ 0.03 1365 + 56 1532 £ 63 15.13 £ 0.31
6952.03 0.88 + 0.02 0.69 + 0.03 1561 + 80 1759 + 91 15.91 + 0.41
7230.11 0.85 + 0.01 0.56 + 0.02 1824 + 66 2065 + 76 16.90 + 0.31
7383.49 0.83 £ 0.01 0.50 £ 0.03 2026 + 106 2293 + 121 17.62 + 0.46
7523.18 0.81 + 0.01 0.44 + 0.03 2134 + 101 2407 £ 115 17.89 £+ 043

uncertainties associated with the measured sound velocity in the
present work limit the resolution for identifying the incongruent
melting process or the phase transition components. Enhanced
understanding necessitates the reduction of these uncertainties,
direct in-situ structural measurements or additional detailed simu-
lations for other potential components.

4. Conclusion

Sound velocity data of shocked forsterite up to 760 GPa by lat-
eral release technique was first presented by our laser-driven

shock experiment. First-principles molecular dynamics simula-
tions, which agree well with the experimental data, were used to
aid the interpretation of the observations. The measured Hugoniot
data for forsterite corroborated previous findings and suggested
the occurrence of incongruent melting during shock compression.
The remarkable agreement on sound velocity results provides a
critical constraint on melt transition of forsterite, which in turn,
could impact the prospects of driving a dynamo in massive rocky
planets. With emerging the in-situ XRD diagnostics capabilities at
intense laser facilities (Coppari et al., 2013; Rygg et al., 2020) and
X-ray free electron lasers (XFELs) (Makarov et al., 2023), capturing
the enclosed structure evolution information for shocked forsterite
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reader is referred to the web version of this article.)

above 200 GPa will be helpful for provide direct evidence for high-
pressure silicates in the near future. Our research not only
improves our understanding of the behavior of geological materials
under shock compression but also provides a reliable confidence
for the studying the physical properties at extreme high pres-
sure-temperature conditions relevant to planetary interiors.
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