
FORSTERITE SHOCK TEMPERATURES: IMPLICATIONS FOR MELTING AND VAPORIZATION 
DURING PLANETARY IMPACTS.  E. J. Davies1, S. Root2, R. Lemke2, R.G. Kraus3, D.K. Spaulding1, S. T. 
Stewart1, S. B. Jacobsen4, T. K. R. Mattsson2. 1Department of Earth and Planetary Sciences, U. California, Davis, 
CA (ejdavies@ucdavis.edu), 2Sandia National Laboratories, 3Lawrence Livermore National Laboratory, 
4Department of Earth and Planetary Science, Harvard University 

 
Introduction: Rocky extra-solar planets have 

been discovered with very high masses that challenge 
our theoretical understanding of planetary structures 
and notions of planet formation [1,2]. During the ac-
cretion of Earth and Super-Earth planets, giant impacts 
substantially vaporize the planets. It is critical to un-
derstand the material properties of major minerals 
within Earth-like planets in order to constrain our un-
derstanding of their formation and subsequent evolu-
tion. The relative proportions of most rock-forming 
elements in stars in our galaxy is thought to be rela-
tively constant [3], and it has been shown that the min-
erals olivine [(Mg,Fe)2SiO4] and enstatite 
[(Mg,Fe)SiO3], along with Fe-rich metal (with ~5% 
Ni) are the most abundant solids from which Earth-like 
planets accrete [4]. These materials are subject to ultra-
high pressures and temperatures (approaching 10 TPa 
and 10,000 K) during planet formation and in the pre-
sent day interiors of large rocky planets. 

Here we describe experimental results on forsterite 
to probe these extreme conditions in the laboratory in 
order to examine vaporization of rocky planet constitu-
ents upon shock and release. Flyer plate (impact) ex-
periments are carried out on the Z Machine at Sandia 
National Laboratory. Planar, supported shock waves 
are generated in single crystal samples, permitting ob-
servation of both the compressed and released states. 
Such experiments have been carried out to provide 
Hugoniot data and access the temperature-volume-
entropy vapor curves for forsterite up to its critical 
point. 

Methods: Shock compression experiments were 
perfomed at the Sandia Z machine using a magnetic 
drive generated by an intense current pulse. Figure 1 
shows a schematic of the experimental configuration. 
The large current and field densities generate magnetic 
pressures up to 650 GPa that can accelerate aluminum 
flyer plates up to 40 km/s [5]. We have conducted 
shock-and-release experiments to measure (1) the pres-
sure-volume-temperature (P-V-T) shock state  and (2) 
temperature and volume on the vapor curve. First, we 
measure the shock velocity in the sample using laser 
interferometry (VISAR), and then derive the pressure 
and particle velocity of the shocked state by impedance 
matching to the aluminum flyer plate. Temperature of 
the shocked state is measured with a streaked visible 
spectrum and calibrated with the quartz standard [6]. 
The quartz sample is mounted downrange from the 
forsterite sample. Second, stagnation or reverse-impact 
experiments in which a sample is separated from a 

window by a gap of known distance [7]. When the 
shock reaches the free surface of the sample, the sam-
ple decompresses and expands across the gap, impact-
ing a standard window. VISAR measurements of the 
steady shock state generated in the standard window 
are used to derive the density of the sample on the liq-
uid branch of the liquid vapor dome. Entro-
py/temperature along the Hugoniot are inferred as de-
scribed in refs [8]. Figure 2 shows equation of state 
model predictions.  

 
Fig. 1:  A simplified schematic of the experimental 
configuration for planar shock and release experiments 
on the Z machine [7,8]. 

 
Results: We present new P-V-T Hugoniot data for 

forsterite. The samples are synthetic single crystals, 
(Princeton Scientific) and are oriented in the (100) 
direction, with recent samples in the (001) direction.  

Figure 2 presents the Hugoniot particle velocity 
vs. shock velocity data. Most of the data follow a line-
ar trend with the exception of a few points from [11]. 
If these points are excluded, the rest of the data are 
well fit by Us=1.4(+/-0.02)up+5.01(+/-0.13) km/s. In 
addition, ab initio calculations using density functional 
theory [9] are in good agreement with the Z data.  

Figure 3 presents new shock temperature data and 
previously published results. Our temperatures agree 
well with [14], but we do not see evidence for incon-
gruent melting as suggested in [11]. Our temperatures 
deviate from M-ANEOS [12,15], which is widely used 
in impact cratering and giant impact studies in plane-
tary science. The experimental data have consistently 
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lower temperatures than the M-ANEOS model for 
pressures exceeding ~250 GPa. These lower tempera-
tures indicate a larger entropy increase on the forsterite 
Hugoniot. Using the M-ANEOS value for entropy at 
250 GPa and the new forsterite P-V-T Hugoniot, we 
recalculate the entropy on the forsterite Hugoniot 
above 250 GPa, shown by the blue line in Figure 4. If 
the M-ANEOS vapor dome is correct and using the 
updated forsterite Hugoniot, the critical shock pressure 
for 50% vaporization upon release to 1 bar is 550 GPa. 

Conclusions: We present new shock Hugoniot da-
ta for single crystal forsterite and compare our results 
to the M-ANEOS model that is widely used in studies 
of planetary collisions. For impact events that attain 
shock pressures above 250 GPa, a larger degree of 
vaporization will be reached than predicted by the cur-
rent M-ANEOS model for forsterite. The errors in M-
ANEOS predictions are 15.25 and 12% vaporization at 
a shock pressures of 500 and 750 GPa, respectively. 
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Fig. 2:  Shock velocity vs. particle velocity for single 
crystal forsterite. The points between Up=4.1 km/s and 
6.9 km/s from Sekine et al. [11] do not agree with the 
other high-pressure data, which follow a linear fit 
above 6 km/s. 
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Fig. 3:  Shock temperature data for single crystal 

forsterite. Our results, together with prior data, demon-
strate discrepancies in shock temperatures in the region 
where Sekine et al. [11] propose incongruent melting 
on the Hugoniot. The M-ANEOS for forsterite over-
predicts temperatures above 250 GPa with significant 
disagreement above 500 GPa. 

Fig. 4: Equation of state model predictions for entropy 
on the Hugoniot (dashed) and liquid-vapor phase 
boundaries (solid) for forsterite in temperature-entropy 
space. Entropy space is convenient to illustrate the 
phase changes by isentropic release from the shock 
Hugoniot. Forsterite model (purple) is from M-
ANEOS [12,15]. Circles show pressures of 250, 500, 
and 700 GPa, respectively from left to right. The Z 
machine is required to reach and exceed the critical 
points silicates. In our experiments, forsterite is 
shocked to a point on the Hugoniot and subsequently 
releases isentropically to the liquid-vapor dome. We 
have shock-and-release experiments that are being 
analyzed for vapor dome density points. 
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