
R E S EARCH ART I C L E
PLANETARY SC I ENCE
1Department of Earth and Planetary Systems Science, Hiroshima University, Higashi-
Hiroshima 739-8526, Japan. 2Graduate School of Engineering, Osaka University, Suita
565-0871, Japan. 3Photon Pioneers Center, Osaka University, Suita 565-0871, Japan.
4Geodynamics Research Center, Ehime University, Matsuyama 790-8577, Japan. 5Insti-
tute of Laser Engineering, Osaka University, Suita 565-0871, Japan. 6Graduate School
of Frontier Sciences, The University of Tokyo, Kashiwa 277-856, Japan. 7Planetary Ex-
ploration Research Center, Chiba Institute of Technology, Narashino 275-0016, Japan.
*Corresponding author. Email: toshimori-sekine@hiroshima-u.ac.jp

Sekine et al. Sci. Adv. 2016; 2 : e1600157 3 August 2016
2016 © The Authors, some rights reserved;

exclusive licensee American Association for

the Advancement of Science. Distributed

under a Creative Commons Attribution

NonCommercial License 4.0 (CC BY-NC).

10.1126/sciadv.1600157
Shock compression response of forsterite
above 250 GPa

Toshimori Sekine,1* Norimasa Ozaki,2,3 Kohei Miyanishi,2 Yuto Asaumi,2 Tomoaki Kimura,4 Bruno Albertazzi,2

Yuya Sato,2 Youichi Sakawa,5 Takayoshi Sano,5 Seiji Sugita,6 Takafumi Matsui,7 Ryosuke Kodama2,3
Forsterite (Mg2SiO4) is one of the major planetary materials, and its behavior under extreme conditions is im-
portant to understand the interior structure of large planets, such as super-Earths, and large-scale planetary
impact events. Previous shock compression measurements of forsterite indicate that it may melt below 200 GPa,
but these measurements did not go beyond 200 GPa. We report the shock response of forsterite above ~250 GPa,
obtained using the laser shock wave technique. We simultaneously measured the Hugoniot and temperature of
shocked forsterite and interpreted the results to suggest the following: (i) incongruent crystallization of MgO at
271 to 285 GPa, (ii) phase transition of MgO at 285 to 344 GPa, and (iii) remelting above ~470 to 500 GPa. These
exothermic and endothermic reactions are seen to occur under extreme conditions of pressure and temperature.
They indicate complex structural and chemical changes in the system MgO-SiO2 at extreme pressures and tem-
peratures and will affect the way we understand the interior processes of large rocky planets as well as material
transformation by impacts in the formation of planetary systems.
INTRODUCTION

Forsterite (Mg2SiO4; Fo) and enstatite (MgSiO3; En) in themodel system
MgO-MgSiO3 are representative of the silicates found in the interiors of
terrestrialplanets.Theirhigh-pressurephase transitionsandphaseequilibria
are important in understanding the interior structures as well as the impact
phenomena during planetary formation and evolution. When heated by
high-speed impacts, these silicates will melt when their respective threshold
shock pressures are exceeded. For example, Fo melts incongruently to pro-
duce a SiO2-rich liquid (1) above ~13 GPa, whereas En has been known to
melt incongruently and produce a liquidus phase of Fo near atmospheric
pressures. These melting behaviors are affected by the changes in melt and
solid properties as a function of pressure and temperature, and hence
change along the shock compression curve referred to as Hugoniot.

Shock compression is a dynamic technique to generate high pres-
sures and high temperatures, and Fo has been investigated up to a shock
pressure of ~200GPa (2–7). These studies led to a proposal that Fo starts
to melt at ~150 GPa. The data show a consistent trend below ~100 GPa,
but a significant scatter (7) is seen at pressures of 120 to 190 GPa, sug-
gesting a variable degree of melting and/or phase changes. For example,
Hugoniot measurements (7) of polycrystalline Fo and its high-pressure
polymorph wadsleyite have indicated marked increases in density
around 130 to 150 GPa, which were suggested to reflect the appearance
of melt. In theory, first-principles molecular dynamics simulations (8)
on Mg2SiO4 melt and crystalline forsterite show that the Fo Hugoniot
above 130 GPa is consistent with the following interpretation: (i) post-
perovskite + periclase at pressures below 150 GPa, (ii) periclase + liquid
MgSiO3 at pressures of 150 to 170 GPa, and (iii) liquid Mg2SiO4 above
170 GPa. However, there have been no data above 190 GPa to verify
these models.
Directmeasurements of high-pressure behavior of Fo above 200GPa
are essential to understand the interiors of large planets (super-Earths) as
well as large-scale impacts between planetesimals during planetary for-
mations.According to the current status (9–12) of the phase diagram in the
systemMgO-MgSiO3, the liquidus of Fo is located at the lowest tempera-
ture among crystalline phases of SiO2, En, Fo, andMgO, suggesting that Fo
becomes unstable relative to itsmelt and that Fomelt is denser than solid at
pressures of a few hundredGPa (7). Therefore, verifying and refining these
phase relations will have important implications in element partitioning
among the phases present during planetary formation processes.

Whenwe consider Fo in the systemMgO-SiO2, it is compositionally
between En andMgO. According to the theory (8), Fo Hugoniot above
~200 GPa corresponds to the liquid state, and its structure may change
significantlywith increasing pressure. InEn, a transition from low- to high-
density melt at ~300GPa has been reported with a large volume change
(6.3%) (13). However, corresponding first-principles calculations (14, 15)
have suggested that liquid En undergoes a phase separation into crystal-
line MgO and liquid SiO2 around ~300 GPa at 10,000 K. In contrast,
Hugoniot for MgO has been determined up to a pressure of 1.2 TPa,
and the phase transitions in MgO were confirmed with the help of the-
oretical simulations (16, 17).

Thus, a knowledge gap in the model MgO-SiO2 system exists, and
experimental study on Fo is valuable in understanding the properties
and dynamic behaviors of silicate melts under extreme conditions. It
is essential to knowwhat conditions are required tomelt andwhatmelts
will appear in the model system MgO-SiO2. Recent progress in laser
shock techniques enables advanced measurements under extreme
conditions that cannot be reached by static high-pressure techniques.
RESULTS

We carried out laser shock experiments on single Fo crystals (seeMaterials
and Methods and the Supplementary Materials), as illustrated in Fig. 1.
Table 1 summarizes the principal Hugoniot measurements on single
Fo crystals through the use of the quartz-reference technique (table S1)
1 of 7



R E S EARCH ART I C L E

Sekine et al. Sci. Adv. 2016; 2 : e1600157 3 August 2016
(18, 19). Figure 2 shows the experimental relationships between shock
velocity (Us in km s−1) versus particle velocity (up in km s−1) and pressure
versus density. Two large discontinuities in the Fo Hugoniot were found
at up of ~7 and ~9 km s−1, indicating that Fo may have characteristic
phase transitions and/or reactions. For the melt region above 200 GPa,
a linear relationship ofUs to up is obtained at up of 4.1 to 6.9 km s−1 [Us =
11.39 (±0.034) + 1.86 (±0.094) (up − 4.630)], with s of 1.6 × 10−3, inte-
grating five data sets from Jackson andAhrens (3) andMosenfelder et al.
(7) and three data sets from the present study (Fig. 2A). These three low-
pressure data are on the simple extension of the previous data (Fig. 2, A
and B). At higher pressures, our data are represented by Us = 16.29
(±0.019) + 0.47 (±0.039) (up − 8.217), with s of −1.37 × 10−4, for up of
6.9 to 8.8 km s−1 and Us = 19.88 (±0.058) + 1.19 (±0.029) (up − 11.019),
with s of −3.94 × 10−7, for up >8.8 km s−1. These high-pressure data
points are found not to be on a simple extension of the low-pressure data.

Themeasured shock temperatures of Fo (Fig. 3) are comparedwith the
melting curves ofMgOandphase boundaries in the systemMgO-MgSiO3.
Temperature measurements at pressures of 271, 285, and 344 GPa, where
theirUs-up points are on a simple extension of the gundata (Fig. 2,A and
B), displayed an irregular change with increasing shock pressure. In ad-
dition, measured reflectivity data (Table 1) indicate significant increases
at 344 and 466 GPa in comparison with the lower-pressure data. When
the temperature and reflectivity results are combined, they suggest some
chemical reactions in theFomelt, because shock temperaturemust increase
smoothly with shock pressure if no chemical reaction occurs. These
results are attributed to exothermic and endothermic reactions.
DISCUSSION

The first discontinuity ofup around7kms−1 at pressures of 271 to 344GPa
(Fig. 2B) belongs to type C in fig. S1, where the shock wave retains one-
wave structure and the transition is accompanied by little volume change.
As discussed in the previous studies by Rice et al. (20) and Sekine et al.
(21) and in fig. S1, the transition can be thermodynamically interpreted
on the basis of the proposed phase diagram in the systemMgO-MgSiO3

(Fig. 3), in conjunction with our temperature measurements on the
shocked Fo (Table 1). In summary, the measured temperature at 271 GPa
is close to an extrapolation of the calculated results for Fo melt (line
1 in Fig. 3), whereas the temperature at 285GPa is close to that for liquid
Fig. 1. Laser shock experiment of shot 35286. (A to C) Schematic exper-
imental setup and typical measurements by a velocimeter [velocity interfer-
ometer system for any reflector (VISAR)] (B) and a pyrometer [streaked
optical pyrometer (SOP)] (C). The driving laser was GEKKO XII (Osaka Univer-
sity). VISARs give direct measurements of shock velocities in forsterite and
quartz under extreme conditions. The particle velocity in forsterite was
calculated using the known shock velocity–particle velocity relation of
quartz. This method provides a precise Hugoniot determination of forsterite.
A single crystal of forsterite with a thickness of 20 or 50 mm was used as a
sample. A typical equation-of-state (EOS) target assembly consisted of poly-
propylene (CH), aluminum (Al), crystalline a-quartz (SiO2), and forsterite
(Mg2SiO4). The CH polymer with a thickness of 15 or 30 mm was used as
an ablator to generate a shock wave and to minimize hard x-ray radiations
in the laser-plasma interaction region. The aluminum (40 mm thick) and
quartz (50 mm thick) were used as the referencematerials for the impedance
mismatching analysis. The brightness temperature was determined using
the gray-body Planck spectrum observed by a calibrated pyrometer (SOP).
For details, see the Supplementary Materials.
Table 1. Shock compression data of single-crystal forsterite (initial density of 3.226 ± 0.004 g cm−3).
Shot number S
hock velocity (km s−1)
 Particle velocity (km s−1)
 Pressure (GPa)
 Density (g cm−3)
 Temperature (103 K)
 Reflectivity
33552
 14.00 ± 0.42
 6.00 ± 0.39
 271.0 ± 18.1
 5.65 ± 0.40
 7.12 ± 0.36
 0.0145 ± 0.0023
35283
 14.21 ± 0.27
 6.22 ± 0.21
 285.2 ± 10.3
 5.74 ± 0.24
 9.43 ± 0.68
 0.0174 ± 0.0016
33676
 15.70 ± 0.34
 6.80 ± 0.23
 344.3 ± 12.6
 5.69 ± 0.24
 8.44 ± 0.49
 0.0527 ± 0.0050
37817
 16.12 ± 0.17
 7.90 ± 0.16
 410.9 ± 8.5
 6.33 ± 0.18
 12.49 ± 0.46
 0.0541 ± 0.0103
37779
 16.54 ± 0.15
 8.74 ± 0.20
 466.3 ± 10.8
 6.84 ± 0.24
 13.88 ± 0.89
 0.0987 ± 0.0153
37767
 17.74 ± 0.20
 9.21 ± 0.22
 527.3 ± 12.9
 6.71 ± 0.25
 16.80 ± 0.64
 0.1072 ± 0.0161
36755
 17.96 ± 0.29
 9.49 ± 0.30
 549.7 ± 18.0
 6.84 ± 0.36
 20.63 ± 2.60
 0.183 ± 0.0161
35314
 19.99 ± 0.50
 10.73 ± 0.37
 692.0 ± 26.2
 6.96 ± 0.48
 —
 —
35286
 22.63 ± 0.19
 13.35 ± 0.23
 974.4 ± 17.5
 7.87 ± 0.29
 33.98 ± 5.48
 0.213 ± 0.0324
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En and solid MgO (line 2), but at 344 GPa, the temperature lies consid-
erably below line 1.

When Fomelt is compressed above ~250GPa, its melt structure will
change significantly as predicted theoretically by De Koker and Stixrude
(22). It ismost likely that onlyMgO crystals, with very highmelting tem-
perature (Fig. 3), crystallize incongruently fromFomelt as predicted for En
(14). In theory, crystallization of MgO can occur if a mixture of crystalline
MgO and the residual melt becomesmore stable than Fo liquid itself on
the Hugoniot, especially below 290 GPa and at ~9800 K (14). Both
MgSiO3 and SiO2 crystals havemuch lowermelting temperatures com-
pared to that of MgO in the system (14, 23).

Because the density changed little at pressures of 271 to 285 GPa
(Fig. 2B), it is possible that ifMgO crystallized at 271GPa, itmay initially
have aB1 structure because the condition iswell below the expectedphase
boundary (10, 14) betweenB1 andB2.However, because theB1-B2phase
boundary (9–11, 14) is sensitive to temperature and pressure, it is also
possible that B2 MgO is formed above 285 GPa, provided that the
Hugoniot state reached the phase boundary (9–11, 14). In contrast,
Sekine et al. Sci. Adv. 2016; 2 : e1600157 3 August 2016
the Hugoniot temperature measured at 285 GPa was higher by 1000
to 2000 K than those measured at 271 and 344 GPa (Table 1). These
temperature deviations of Fo liquid fromanormal temperature increase
[~40KGPa−1 by shock compression in this pressure range (8)] could be
explained by the proposed crystallization of MgO and the B1-B2
transition of MgO with a negative slope. If a temperature rise associated
with the crystallization of MgO depends on the amount of crystallized
MgO,we canestimate its fractionon thebasis of the temperaturemeasure-
ments at pressures of 271 and 285GPa and anormal temperature increase
along theHugoniot (~40KGPa−1). The resulting estimate, as described in
Materials and Methods, yields 0.55 (±0.32) mol of MgO from Mg2SiO4,
consisting of 2 molMgO + 1mol SiO2, assuming a fusion enthalpy (24) of
77 kJ mol−1 for MgO. This also means that the residual 1.45-mol liquid
contains 1 mol liquid En and 0.45 mol liquid MgO (molar fraction of
~0.7 for liquid En).

The enthalpy change associated with the B1-B2 transition ofMgO is
endothermic (−163 kJmol−1) (25); thus, if themeasured temperature drop
at pressures of 285 to 344 GPa happens on the B1-B2 boundary, the
average Clausius-Clapeyron slope (dT/dP) can be estimated to be −56
(±48)KGPa−1, which is close to the recent estimate (11). It is alsowithin
a range of previous estimates of−26±30KGPa−1 (26) and−30.4KGPa−1

(14) at temperatures of 8000 to 10,000 K.
Our net temperature decrease at pressures between 285 and 344GPa

is calculated to be ~3430 K, assuming a normal Hugoniot temperature
increase (~40KGPa−1 for Fomelt) and a thermochemical estimation of
temperature decrease from 285 to 344 GPa along the B1-B2 boundary
for a constant fraction (0.55 ± 0.32) of incongruently crystallized MgO
(3586 ± 2086 K). In conclusion, we suggest that incongruent crystalli-
zation and a B1-B2 phase transition of MgO have occurred at pressures
from ~270 to 350 GPa. Because a molar fraction of En in the residual
liquid is ~0.7, itmight have been possible to observe a liquid-liquid transi-
tion, as claimed under similar conditions by Spaulding et al. (13).However,
we could not confirm this liquid-liquid transition in the present Fo sys-
tem, and our results are consistent with the theoretical studies byCebulla
and Redmer (11), Boates and Bonev (14), andMilitzer (15) that indicate
no liquid-liquid transition. Fo is not a simple system and has been found
to display various reactions that are not expected from previously pro-
posed phase diagrams in the system MgO-MgSiO3 under extreme con-
ditions. The present results on Fo also suggest that En may behave
incongruentlyunder these extreme conditions toproduceSiO2-rich liquid.

A large and rapid density increase, observed at pressures of 344 to
466 GPa, can be explained by the presence of a compressible residual
liquid, because the expected density increase for the B1-B2 phase transi-
tion (~4%) (10) is too small to explain a large density change of ~17%.
The observed compressibilitymay correspond to a large density increase
associated with a coordination number increase of 6 to 8 for oxygen
atoms around Mg atoms in liquid, as of that observed in SiO2 glass at
pressures of 20 to 40 GPa (27).With further increase of shock pressures
along the Hugoniot, the amount of MgO (B2) above 466 GPa decreases
gradually because of the rise in temperature, and eventually, Fo melt re-
appears when the Hugoniot temperature reaches the liquidus, as
illustrated by the gray curve in Fig. 3 (see also fig. S2). The shock tem-
perature measurements of Fo (28) below 200 GPa and the boundaries
for B1-B2 transition of MgO (9–11, 14, 29) are illustrated in Fig. 3.

A seconddiscontinuity ofup around9kms−1 is also observed at pres-
sures of 466 to 550GPa (Figs. 2 and 3). At pressures around 550GPa, B2
MgO will melt completely because it is considerably above the melting
curve of B2MgO (Fig. 3). It is noteworthy that the reflectivity has changed
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4 5

P
re

ss
u

re
, P

 [
T

P
a]

0

0.2

0.4

0.8

1.2

6 7 8

0.6

1.0

Particle velocity, up [km s–1]
2 6 8 10 12 14

S
h

o
ck

 v
el

o
ci

ty
, U

s 
[k

m
 s

–1
]

8

12

16

20

24 Mg2SiO4, This study
Jackson and Ahrens (1979)
Marsh (1980)
Mosenfelder et al. (2007)

4

A

B

Fig. 2. Hugoniot relationships for forsterite single crystals. (A) Shock
velocity (Us) and particle velocity (up). (B) Pressure and density. Note the re-
markable discontinuities around ~350 and ~450 GPa in (B) that correspond
toparticle velocities at up of ~7 and9 kms−1 in (A), respectively. Experimental
setup of target is illustrated in fig. S1, and experimental data are listed in
Table 1. Three previous data sets from Jackson and Ahrens (3) (for red
diamonds), Marsh (4) (for violet diamonds), and Mosenfelder et al. (7) (for
brown diamonds) are compared. The dot dashed lines in (A) and (B) indicate
the extendedHugoniot relations givenbyUs (km s−1) = 2.93+1.82 up (km s−1)
applicable for a range of up of 4.1 to 6.9 km s−1, which is almost the same as
the prediction by de Koker et al. (8).
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significantly at a pressure of ~470GPa (Table 1 and fig. S3D), suggesting
a property change of liquid because MgO has a low reflectivity (16, 17)
below 550 GPa. Reflectivity increase above ~470 GPa may support the
complete melting of coexisting MgO crystals.

Although nucleation points are required for rapid crystallization, the
shock-inducedmelt may have kept local sites to trigger such rapid crys-
tallization. Fo displays a series of phase transitions upon compression,
and because post-perovskite and MgO are solid products just before
melting, there could be local nucleation sites for MgO crystallization.
Recent experiments on crystallization in shocked SiO2 have revealed
homogeneous nucleation and grain growth in the shock front (30).

Present experimental results have several implications. For large-
scale impact models, Fo may play an important role in determining
the thermal conditions andmelt compositions. If we consider planetary
impacts in a head-on impact between Fo-bearingmeteorites represented
by ordinary chondrite, then pressure and temperature of 300 GPa and
9000K, respectively, correspond to relative impact velocities of ~13 km s−1.
Because these impact velocities are common during planetary forma-
tion and Fo is distributed widely in planetary materials, incongruent crys-
tallization of MgOmay occur during large-scale impacts. Furthermore, if
B2MgO crystals are denser than the coexisting liquid under these condi-
tions, phase separation could produce a residual liquid composition that
ismore En-rich. If this condition occurs in a planet’s layer, such as super-
Earth’s mantle (31, 32), the compositional variation between an En-
rich upper mantle and a MgO-rich lower mantle can be developed by
the incongruent crystallization in Fo melt and a separation of dense MgO
Sekine et al. Sci. Adv. 2016; 2 : e1600157 3 August 2016
crystals. MgO in the lower mantle may have a chance to react with the
core and be incorporated into the core of massive terrestrial planets. Vi-
olent large-scale impacts may thus have affected the chemical stratifica-
tion of layered mantles in massive terrestrial planets (33). This high
MgO content in early Earth’s core compositions could have influenced
as the power source for dynamos (34), and also, the present results suggest
that head-on impacts between ordinary chondrites at speeds greater than
~17km/s, corresponding to a shockpressure greater than~470GPa, prod-
uce complete melts that may cause violent vaporization and play an im-
portant role in the planetary formation processes.
MATERIALS AND METHODS

A single crystal of forsteriteMg2SiO4 (~22mmindiameter× 25mmlong)
was purchased fromHanamuraOptics. The densitywasmeasured to be
3.226 ± 0.004 g cm−3. Plates were cut and polished to use as targets.
Figure 1 schematically illustrates our experimental arrangement and target
assemblage for shot 35286. We did not use any high-Z materials in the
target assemblage to measure principal Hugoniot and utilized a rela-
tively weak intensity laser (~1012 to 1013 W cm−2). The purity of Al
was greater than 99.9%, and the initial density was 2.703 g cm−3. All
of the target components were glued with an ultraviolet cure adhesive.
The thickness of the glue layer was typically ~0.7 mm. The refractive
indexes of quartz and forsterite at 532 nm (probewavelength of velocim-
eter) were 1.547 and 1.660, respectively.

The laser-driven shock experiments were performed using the
GEKKO XII laser at the Osaka University. The facility is a neodymium-
doped glass laser system. We used three and nine laser beams at the
frequency-doubled wavelength of 527 nm and frequency-tripled wave-
length of 351 nm, respectively. The temporal shape of the laser pulse
was approximately square with a 2.5-ns duration [full width at half
maximum (FWHM)] and rise and fall times of ~100 ps each. The
focal spot diameter was typically 600 mm or 1 mm with a flat-top dis-
tribution resulting in a planar shock front of more than 400 mm in
diameter. Kinoform phase plates were used to achieve the uniform
super-Gaussian irradiation pattern.

Forsterite Hugoniots were measured using the impedance mis-
matching technique (35) withAl and a-quartz (16, 17) for the reference.
Shock velocities (Us) of forsterite and quartz were measured with two
line-imaging velocity interferometers (line VISARs) (36–38). These
VISARs had different velocity sensitivities [velocity per fringe (VPF)]
to resolve the 2p-phase shift ambiguities in the interferometry. The sen-
sitivities of the two VISARs were 4.122 and 9.744 km s−1 per fringe by
choosing appropriate etalons. The low-VPF VISAR was used for
determining the final velocity value because it providesmoreprecise values
compared to the high-VPF VISAR. Because our postprocessing of the
VISAR images could determine the fringe position to 4 to 5% of an
interfringe distance, themultiple fringe shifts allow precise shock velocity
measurements to be within a few percent.

The shocked aluminum state was inferred from the measured Us of
quartz (table S1). Then,up of forsteritewas determined bymatching shock
impedances of the forsterite and aluminum. Shock pressure P, density r,
and internal energy E in forsterite were determined from theUs and up of
forsteriteusing thebasic conservation relations (35).Theuseof thea-quartz
reference allowed us to precisely infer the aluminum shock state just before
the shock crosses the Al-quartz interface because quartz had metallic-like
high optical reflectance under shock compression above 150 GPa (39).
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The quartz Hugoniot previously established by Hamel et al. (40)
has a polynomialUs-up relation given byUs = (2.40 ± 0.10) + (1.68 ± 0.02)
up − (0.0155 ± 0.0010) up

2. This formula is valid at a pressure above
~200 GPa. The Al state before shock arrival in the Al-quartz interface
was inferred from this quartz Hugoniot point and the knowledge of Al
Hugoniot and release curves. The Al Hugoniot we used wasUs = (6.341
± 0.003) + (1.185 ± 0.002) up (41). Release isentropes of Al from the
shocked Al state into the quartz state were approximated on the basis
of the Mie-Grüneisen EOS. We used a well-known representation of
Grüneisenparameterg that is linear in relative volume:g =g0 (V/V0),where
the subscript 0 denotes the initial value. Impedance matching occurs at
the intersection of a forsterite Rayleigh line and the reshock ofAl from the
inferred Al Hugoniot point. The reshock of Al was also approximated on
thebasis of theMie-GrüneisenEOS.The analyzeddata are listed in table S1.

Shock temperatures were measured with an SOP (42, 43). Using the
VISAR collection optics, thermal radiations from a shock front were col-
lected by the SOP to deduce the brightness temperature of the shocked
matter. The SOP systemwas absolutely calibratedwith aNIST (National
Institute of Standards and Technology)–traceable standard lamp, and re-
solved spatially and temporally to image the self-emissions from the shock
around a 455-nmwavelengthwith a narrowbandwidth (38-nmFWHM).
The brightness temperature was determined using the gray-body
Planck spectrum

I l;Tð Þ ¼ e
2phc2

l5
e

hc
lkBT � 1

� ��1
ð1Þ

where e is the emissivity of the shocked matter. This equation can be
reduced to a practical form at the narrow band wavelengths, as de-
scribed by Miller et al. (42)

T ¼ T0

lnðAe=C þ 1Þ ð2Þ

where T0 and A are calibration parameters that depend on the SOP
optical system and C is the CCD (charge-coupled device) counts ob-
tained by the streak camera system. The emissivity e was calculated from
the Kirchhoff law, e = 1 − R, where Rwas assumed to be independent of
wavelength and equal to the shock-front reflectivity measured at 532 nm
by the VISAR. The reflectivity of the shocked forsterite was determined
relative to both the Al base plate and the shocked quartz used as reflec-
tivity reference (44) in the targets. The uncertainty of the measured tem-
perature increases monotonically from ~5 to ~20% with the
temperature increase from 7000 to 30,000 K, respectively. The uncer-
tainties of the reflectivity R and the calibration parameter A (that is,
optical system transmission) are the dominant contributors to the un-
certainty of the temperaturemeasurements. Typically, the uncertainty of
the reflectivity was 9%. The spectra decayed with time were profiled as
VISARs (as shock velocities), and the temperatures corresponding toUs

of the Fo sample are listed in Table 1. Figure S3 shows a typical decay
profile in shock 37767 and illustrates how we read the shock velocity
and emission count for Hugoniot analysis from the obtained profiles,
togetherwith the temperature-pressure and reflectivity-pressure relations.

Thermodynamics can be used to informwhat phases are present at a
specific pressure and temperature. If the Gibbs free energy is known, we
can predict what phases are stable. Figure S2 illustrates the energetics in
Sekine et al. Sci. Adv. 2016; 2 : e1600157 3 August 2016
amodel system En-MgOwith an intermediate compound Fo as a func-
tion of pressure P and temperature T. MgO has the highest melting
point, and Fo has the lowest in this system. Energetically, Fo is located
below the line connecting liquid and solid B1 and represented by point 1,
because Fo is a liquid but not amixture of liquid and B1MgO.However,
with increasing shock pressure, the Fo liquid structure will be greatly
altered and the relative energy rises above the energy level for themixture
of liquid andB1MgO, as illustratedbypoints 2 and3.As a result, Fo liquid
is unstable relative to the mixture of liquid and B1 MgO. This brings the
Fo liquid to a state that favors incongruent crystallization of B1 MgO.
Furthermore,whenB1MgO is transformed to the high-pressure B2 struc-
ture, incongruently crystallized B1 MgO will follow this transition. Be-
cause crystallization is an exothermic process and the high-pressure
phase transition is endothermic, the temperature will increase substan-
tially in the exothermic reaction and decrease during the endothermic
one. On the other hand, normal shock compression increases both tem-
perature and pressure, and Hugoniot shows a monotonous change as
long as no transition occurs.

Figure S1 illustrates a comparison in plots ofUs-up, P-r, and P-T for
phase transitions displaying a one- or two-wave structure. In case of a
two-wave structure, phase transitions with volume reduction are likely
to show up as a gap in the Us-up and P-r plots (fig. S1A). On the other
hand, chemical reactionswith a volume increase (fig. S1B)will show a dis-
continuity in theUs-up plot but will retain a one-wave structure. The cor-
responding P-r plot contains a metastable extension of the low-pressure
phase. Themetastable low-pressurephase is denser than thehigh-pressure
phase and results in volume expansion with increasing pressure (fig. S1B).
In the case of the phase transition with a negative P-T slope (fig. S1C), like
the B1-B2 transition of MgO, volume and temperature decrease simulta-
neously. Forsterite is an example that behaves like case B or C in fig. S1,
over a range of 200 to 400 GPa, depending on the overall density change.

On the basis of the thermodynamic data for MgO, heat of fusion
(24), and the enthalpy change for B1-B2 phase transition (25), we can
estimate temperature changes associated with the previously discussed
processes, assuming

Fo ðliqÞ ¼ 2 MgO ðliqÞ þ SiO2ðliqÞ DH3 ð3Þ

MgO ðliqÞ ¼ MgO ðsolidÞ DH4 ð4Þ

The following reaction (Eq. 5) can be obtained from the reaction
Eq. 3 + 2y (Eq. 4), where y represents crystallization of MgO in mole

Fo ðliqÞ ¼ y MgO ðsolidÞ þ ð2� yÞ MgO ðliqÞ
þ SiO2ðliqÞ DH5 ð5Þ

DH5 = DH3 + yDH4, where DH4 = 77 kJ mol−1 and DH3 = 8.75 kJ mol−1

(assumed to be 130 meV per atom) (14). DH5 = Cp·DT, where heat ca-
pacity Cp is 25 J mol−1 K−1 and temperature rise DT represents in-
congruent crystallization of y moles MgO. If Fo liquid and residual
liquid are ideally mixed, the term DH3 can be neglected. Our measured
temperature difference DT at pressures between 271 and 285 GPa was
2300 ± 1000 K, including a normal temperature increase (8) along the
Hugoniot (~600 K). The difference (DT = 1700 ± 1000 K) gives a value
of y = 0.55 ± 0.32, corresponding to the reaction: Fo (liq) = 0.55 MgO
(solid) + 1.45 MgO (liq) + SiO2 (liq). This means that the liquid
composition is between Fo and En at pressures of 271 to 285 GPa. If
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the whole MgO is crystallized incongruently (y = 2), then DT = 7110
(= 6510 + 600) K could be expected.

A similar analysis can be made for the B1-B2 where

B1 MgO ¼ B2 MgO DH6 ð6Þ

When reaction 6 occurs at pressures of 285 to 344GPa, theClausius-
Clapeyron slope can be estimated as follows: the Hugoniot temperature
increase at a constant rate in this pressure range (~40KGPa−1) is~2360K
(8), and the measured temperature decrease is 990 (±840) K. The total
decrease is ~3350 K. This gives a dT/dP of −56 (±48) K GPa−1. If the
fraction of incongruently crystallized MgO is kept as 0.55 ± 0.32, then
the expected temperature drop is 3586 (±2086) K, based on the heat ca-
pacityCp of 25 Jmol−1 K−1. This is in good agreement with the results on
the present temperature measurements.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/8/e1600157/DC1
fig. S1. Hugoniot and phase boundaries.
fig. S2. The phase relations and Gibbs free energies as functions of pressure and temperature.
fig. S3. A typical profile of decay for shot 37767.
table S1. Measured quartz shock velocities and inferred Al states based on the impedance
mismatching analysis.
REFERENCES AND NOTES
1. D. C. Presnall, T. Gasparik, Melting of enstatite (MgSiO3) from 10 to 16.5 GPa and the forsterite

(Mg2SiO4)-majorite (MgSiO3) eutectic at 16.5 GPa: Implications for the origin of the mantle.
J. Geophys. Res. 95, 15771–15777 (1990).

2. T. J. Ahrens, J. H. Lower, P. L. Lagus, Equation of state of forsterite. J. Geophys. Res. 76,
518–528 (1971).

3. I. Jackson, T. J. Ahrens, Shock-wave compression of single crystal forsterite. J. Geophys. Res.
84, 3039–3048 (1979).

4. S. P. Marsh, LASL Shock Hugoniot Data (University Calf. Press, Berkeley, 1980), 658 pp.
5. Y. Syono, T. Goto, J.-. Sato, H. Takei, Shock compression measurements of single-crystal

forsterite in the pressure range 15–93 GPa. J. Geophys. Res., 86, 6181–6186 (1981).
6. J. P. Wett, T. J. Ahrens, Shock compression of single-crystal forsterite. J. Geophys. Res. 88,

9500–9512 (1983).
7. J. L. Mosenfelder, P. D. Asimow, T. J. Ahrens, Thermodynamic properties of Mg2SiO4 liquid

at ultra-high pressures from shock measurements to 200 GPa on forsterite and wadsleyite.
J. Geophys. Res. 112, B06208 (2007).

8. N. P. de Koker, L. Stixrude, B. B. Karki, Thermodymanics, structure, dynamics, and freezing
of Mg2SiO4 liquid at high pressure. Geochim. Cosmochim. Acta 72, 1427–1441 (2008).

9. A. B. Belonoshko, S. Arapan, R. Martonak, A. Rosengren, MgO phase diagram from first
principles in a wide pressure-temperature range. Phys. Rev. B 81, 054110 (2010).

10. R. S. McWilliams, D. K. Spaulding, J. H. Eggert, P. M. Celliers, D. G. Hicks, R. F. Smith,
G. W. Collins, R. Jeanloz, Phase transitions and metallization of magnesium oxide at high
pressure and temperature. Science 338, 1330–1333 (2012).

11. D. Cebulla, R. Redmer, Ab initio simulations of MgO under extreme conditions. Phys. Rev. B
89, 134107 (2014).

12. C. Liebske, D. J. Frost, Melting phase relations in the MgO–MgSiO3 system between 16 and
26 GPa: Implications for melting in Earth’s deep interior. Earth Planet. Sci. Lett. 345–348,
159–170 (2012).

13. D. K. Spaulding, R. S. McWilliams, R. Jeanloz, J. H. Eggert, P. M. Celliers, D. G. Hicks,
G. W. Collins, R. F. Smith, Evidence for a phase transition in silicate melt at extreme pressure
and temperature conditions. Phys. Rev. Lett. 108, 065701 (2012).

14. B. Boates, S. A. Bonev, Demixing instability in dense molten MgSiO3 and the phase diagram of
MgO. Phys. Rev. Lett. 110, 135504 (2013).

15. B. Militzer, Ab initio investigation of a possible liquid–liquid phase transition in MgSiO3 at
megabar pressures. High Energ. Dens. Phys. 9, 152–157 (2013).

16. S. Root, L. Shulenburger, R. W. Lemke, D. H. Dolan, T. R. Mattsson, M. P. Desjarlais, Shock
response and phase transitions of MgO at planetary impact conditions. Phys. Rev. Lett. 115,
198501 (2015).
Sekine et al. Sci. Adv. 2016; 2 : e1600157 3 August 2016
17. K. Miyanishi, Y. Tange, N. Ozaki, T. Kimura, T. Sano, Y. Sakawa, T. Tsuchiya, R. Kodama,
Laser-shock compression of magnesium oxide in the warm-dense-matter regime.
Phys. Rev. E: Stat., Nonlinear, Soft Matter Phys. 92, 023103 (2015).

18. M. D. Knudson, M. P. Desjarlais, Shock compression of quartz to 1.6 TPa: Redefining a
pressure standard. Phys. Rev. Lett. 103, 225501 (2009).

19. D. G. Hicks, T. R. Boehly, P. M. Celliers, J. H. Eggert, E. Vianello, D. D. Meyerhofer,
G. W. Collins, Shock compression of quartz in high-pressure fluid regime. Phys. Plasmas
12, 082702 (2005).

20. M. H. Rice, R. G. McQueen, J. W. Walsh, Compression of solids by strong shock waves. Solid
State Phys. 6, 1–63 (1958).

21. T. Sekine, C. Meng, W. Zhu, H. He, Direct evidence for decomposition of antigorite under
shock loading. J. Geophys. Res. 117, B03212 (2012).

22. N. De Koker, L. Stixrude, Self-consistent thermodynamic description of silicate liquids, with
application to shock melting of MgO periclase and MgSiO3 perovskite. Geophys. J. Int. 178,
162–179 (2009).

23. M. Millot, N. Dubrovinskaia, A. Černok, S. Blaha, L. Dubrovinsky, D. G. Braun, P. M. Celliers,
G. W. Collins, J. H. Eggert, R. Jeanloz, Shock compression of stishovite and melting of silica
at planetary interior conditions. Science 347, 418–420 (2015).

24. W. M. Haynes, T. J. Bruno, D. R. Lide, CRC Handbook of Chemistry and Physics (Taylor &
Francis, Boca Raton, FL, 2006).

25. A. Navrotsky, P. K. Davis, Cesium chloride versus nickel arsenide as possible structures for
(Mg,Fe)O in the lower mantle. J. Geophys. Res. 86, 3689–3694 (1981).

26. F. Coppari, R. F. Smith, J. H. Eggert, J. Wang, J. R. Rygg, A. Lazicki, J. A. Hawreliak,
G. W. Collins, T. S. Duffy, Experimental evidence for a phase transition in magnesium oxide
at exoplanet pressures. Nat. Geosci. 6, 926–929 (2013).

27. D. Wakabayashi, N. Funamori, Equation of state of silicate melts with densified
intermediate-range order at pressure conditions of the Earth’s deep upper mantle.
Phys. Chem. Miner. 40, 299–307 (2013).

28. S.-N. Luo, J. A. Akins, T. J. Ahrens, P. D. Asimow, Shock compressed MgSiO3 glass, enstatite,
olivine, and quartz: Optical emission, temperatures, and melting. J. Geophys. Res. 109,
B05205 (2004).

29. D. Alfè, M. Alfredsson, J. Brodholt, M. J. Gillan, M. D. Towler, R. J. Needs, Quantum Monte
Carlo calculations of the structural properties and the B1-B2 phase transition of MgO. Phys.
Rev. B 72, 014114 (2005).

30. A. E. Gleason, C. A. Bolme, H. J. Lee, B. Nagler, E. Galtier, D. Milathianaki, J. Hawreliak,
R. G. Kraus, J. H. Eggert, D. E. Fratanduono, G. W. Collins, R. Sandberg, W. Yang,
W. L. Mao, Ultrafast visualization of crystallization and grain growth in shock-compressed
SiO2. Nat. Commun. 6, 8191 (2015).

31. I. Baraffe, G. Chabrier, T. Barman, Structure and evolution of super-Earth to super-Jupiter
exoplanets. Astron. Astrophys. 482, 315–332 (2008).

32. K. Umemoto, R. M. Wentzcovitch, P. B. Allen, Dissociation of MgSiO3 in the cores of gas
giants and terrestrial exoplanets. Science 311, 983–986 (2006).

33. S. M. Wahl, B. Militzer, High-temperature miscibility of iron and rock during terrestriall
planet formation. Earth Planet. Sci. Lett. 410, 25–33 (2015).

34. J. G. O’Rourke, D. J. Stevenson, Powering Earth’s dynamo with magnesium precipitation
from the core. Nature 529, 387–389 (2016).

35. Y. B. Zel’dovich, Y. P. Raizer, Physics of Shock Waves and High-Temperature Hydrodynamic
Phenomena (Academic Press, New York, 1966).

36. L. M. Barker, R. E. Hollenbach, Laser interferometer for measuring high velocities of any
reflecting surface. J. Appl. Phys. 43, 4669–4675 (1972).

37. P. M. Celliers, D. K. Bradley, G. W. Collins, D. G. Hicks, T. R. Boehly, W. J. Armstrong, Line-
imaging velocimeter for shock diagnostics at the OMEGA laser facility. Rev. Sci. Instrum. 75,
4916–4929 (2004).

38. T. Sano, N. Ozaki, T. Sakaiya, K. Shigemori, M. Ikoma, T. Kimura, K. Miyanishi, T. Endo,
A. Shiroshita, H. Takahashi, T. Jitsui, Y. Hori, Y. Hironaka, A. Iwamoto, T. Kadono,
M. Nakai, T. Okuchi, K. Otani, K. Shimizu, T. Kondo, R. Kodama, K. Mima, Lase-shock com-
pression and Hugoniot measurements of liquid hydrogen to 55 GPa. Phys. Rev. B 83,
054117 (2011).

39. D. G. Hicks, T. R. Boehly, J. H. Eggert, J. E. Miller, P. M. Celliers, G. W. Collins, Dissociation of liquid
silica at high pressures and temperatures. Phys. Rev. Lett. 97, 025502 (2006).

40. S. Hamel, L. X. Benedict, P. M. Celliers, M. A. Barrios, T. R. Boehly, G. W. Collins, T. Döppner,
J. H. Eggert, D. R. Farley, D. G. Hicks, J. L. Kline, A. Lazicki, S. LePape, A. J. Mackinnon,
J. D. Moody, H. F. Robey, E. Schwegler, P. A. Sterne, Equation of state of CH1.36: First-principles
molecular dynamics simulations and shock-and- release wave speed measurements. Phys. Rev. B
86, 094113 (2012).

41. M. D. Knudson, M. P. Desjarlais, R. W. Lemke, T. R. Mattsson, M. French, N. Nettelmann,
R. Redmar, Probing the interiors of the ice giants: Shock compression of water to 700 GPa
and 3.8 g/cm3. Phys. Rev. Lett. 108, 091102 (2012).

42. J. E. Miller, T. R. Boehly, A. Melchior, D. D. Meyerhofer, P. M. Celliers, J. H. Eggert, D. G. Hicks,
C. M. Sorce, J. A. Oertel, P. M. Emmel, Streaked optical pyrometer system for laser-driven
shock-wave experiments on OMEGA. Rev. Sci. Instrum. 78, 034903 (2007).
6 of 7

http://advances.sciencemag.org/cgi/content/full/2/8/e1600157/DC1
http://advances.sciencemag.org/cgi/content/full/2/8/e1600157/DC1


R E S EARCH ART I C L E
43. N. Ozaki, T. Sano, M. Ikoma, K. Shigemori, T. Kimura, K. Miyanishi, T. Vinci, F. H. Ree,
H. Azechi, T. Endo, Y. Hironaka, Y. Hori, A. Iwamoto, T. Kadono, H. Nagatomo, M. Nakai,
T. Norimatsu, T. Okuchi, K. Otani, T. Sakaiya, K. Shimizu, A. Shiroshita, A. Sunahara,
H. Takahashi, R. Kodama, Shock Hugoniot and temperature data for polystyrene obtained
with quartz standard. Phys. Plasmas 16, 062702 (2009).

44. P. M. Celliers, P. Loubeyre, J. H. Eggert, S. Brygoo, R. S. McWilliams, D. G. Hicks, T. R. Boehly,
R. Jeanloz, G. W. Collins, Insulator-to-conducting transition in dense fluid helium. Phys. Rev. Lett.
104, 184503 (2010).

Acknowledgments: This study was carried out as a collaboration research at the Institute of Laser
Engineering, Osaka University. We thank S. Iketani, M. Kita, T. Ogawa, T. Nishikawa, and Y. Umeda for
their help in carrying out the laser experiments; Y. Kimura for target preparation; K. Kurosawa for
comments to our draft; and Y. Horie for improving our final drafts. Funding: This work was
supported in part by the JapanSociety for the Promotionof Science (JSPS) Grants-in-Aid for Scientific
Research (KAKENHI) grant no. 22224012, JSPS Core-to-Core Program on International Alliance for
Material Science in Extreme States with High Power Laser and XFEL, and X-ray Free Electron Laser
Sekine et al. Sci. Adv. 2016; 2 : e1600157 3 August 2016
Priority Strategy Program (Ministry of Education, Culture, Sports, Science and Technology). Author
contributions: T. Sekine and N.O. designed the study. K.M. performed the analyses and
experiments. Y.A., T.K., B.A., Y. Sato, Y. Sakawa, and T. Sano carried out the experiments. All authors
participated in discussing the experiments and results. Competing interests: The authors declare
that they haveno competing interests.Data andmaterials availability:All data needed to evaluate
the conclusions in the paper are present in the paper and/or the Supplementary Materials. Addi-
tional data related to this paper may be requested from the authors.

Submitted 27 January 2016
Accepted 30 June 2016
Published 3 August 2016
10.1126/sciadv.1600157

Citation: T. Sekine, N. Ozaki, K. Miyanishi, Y. Asaumi, T. Kimura, B. Albertazzi, Y. Sato, Y. Sakawa,
T. Sano, S. Sugita, T. Matsui, R. Kodama, Shock compression response of forsterite above 250 GPa.
Sci. Adv. 2, e1600157 (2016).
7 of 7


