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Introduction: High-velocity impacts between 
planetesimals (~Vesta-sized bodies, 100–1000 km in 
diameter) were ubiquitous in the early solar system and 
a critical step in terrestrial planet formation [1]. Colli-
sions strongly affected the thermal and geochemical 
evolution of these early-formed bodies [2-5] as they 
were energetic enough to partially vaporize the impact-
ing bodies [6,7]. Such impacts generated optically 
thick clouds of silicate melt and vapor that equilibrated 
while adiabatically expanding and cooling. When the 
expanding cloud became optically thin, radiative cool-
ing led to condensation of the vapor fraction either 
onto nearby droplets or as new dust. 

In order to describe the thermodynamic processes 
of these impacts and the post-impact pressure (P)-
temperature (T) path, we need comprehensive equa-
tions of state of major planet-forming minerals, such as 
olivines and pyroxenes. Further, experimentally locat-
ing the minerals’ liquid-vapor phase boundary allows 
for accurate determination of the P and T during 
equilibration of the liquid-vapor mixture and upon 
vapor condensation. The details of the post-impact 
thermodynamics determine the final distribution of 
volatile and moderately volatile elements (MVE) be-
tween the droplets and dust [8]. Most previous silicate 
shock experiments were conducted on simplified min-
eral systems (e.g., SiO2 or Mg2SiO4 versus 
(Mg,Fe)2SiO4). Here, we studied forsterite (Fo100), San 
Carlos olivine (Fo90), enstatite (MgSiO3), and bronzite 
(Mg0.9Fe0.1SiO3) to determine the effect of iron on the 
shocked state of the minerals. 

Methods: We conducted high-velocity impact ex-
periments with the Sandia Z machine [9] that uses 
magnetically accelerated aluminum flyers to shock 
single-crystal silicate minerals to conditions beyond 
those accessible to light gas gun launch systems. The Z 
target panel holds multiple experimental configurations 
(Fig. 1) that yield complementary equation of state 
information:  

1) Steady shock experiments determine the mineral 
shock state (P, volume, and T) and allow for calcula-
tion of entropy (S) on the Hugoniot [e.g., 7,10-12].  

2) Shock-and-release experiments determine the T 
on liquid branch of the vapor curve [10]. Shock and 
post-shock thermal radiances were measured relative 
to the quartz standard [11] and T were derived using 
the measured sample reflectivity. 

3) Shock-and-release followed by reverse impact 
experiments determine the density on the liquid branch 

of the vapor curve [10,13]. The initial shock generated 
by the Al flyer transforms the mineral to a supercritical 
fluid. When the shock reaches the downrange free sur-
face, the fluid expands across a gap of known distance 
to a downrange window, decompressing to intersect 
the vapor curve. A thin layer within the decompressing 
sample is pinned at the liquid density on the phase 
boundary. This layer forms a dynamically-created liq-
uid flyer that generates a strong shock when it impacts 
the standard window, in this case quartz [14] or TPX 
[15]. By measuring the velocity (VF) of the liquid flyer 
and the imparted shock velocity in the two different 
windows, we determined the unknown density of the 
liquid flyer using the Rankine-Hugoniot equations. 
 

 
Figure 1. A simplified schematic of experimental configura-
tions for planar shock experiments on the Z machine [8,11]. 
The top experimental design is used to determine Hugoniot P 
and T (steady shock); the second design (shock-and-release) 
is used to determine T at the liquid-vapor phase boundary. 
The bottom two configurations are shock-and-release fol-
lowed by reverse impact experiments used to determine the 
density of the liquid at the liquid-vapor phase boundary. 
 

Initial Results: Our high-velocity shock experi-
ments on a variety of silicate minerals measure their 
Hugoniot states (Fig. 2). Our main focus thus far has 
been on forsterite (Fig. 3), as previous work has con-
strained the P, T, and S of the Hugoniot [12,7]. Nota-
bly, our experimental data is yielding lower critical 
point temperatures compared to the M-ANEOS forster-
ite model [16]. These temperatures are more similar to 
molecular dynamic simulations of MgSiO3 [17], 
though our liquid densities are higher. 
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Figure 2. Silicate Hugoniot states obtained at the Z machine. 
 

 
Figure 3. Preliminary results for the Hugoniots and vapor 
curves for forsterite and olivine. M-ANEOS [16] forsterite 
Hugoniot and vapor curve (green dashed lines and critical 
point) shown for comparison. (top) Calculated S on the 
Hugoniot (filled circles) with example release path to the 
liquid-vapor dome shown by the arrow. Temperatures on the 
liquid-vapor dome determined from shock-and-release ex-
periments (open circles). The onset of vaporization and the 
vapor fraction depends on the ambient P (e.g., forsterite tri-
ple point at 5.2 Pa [18] or 1 bar = 10-4 GPa). (bottom) Sili-
cate density on the Hugoniot (filled circles) and phase 
boundary (open circles) determined from reverse impact 
experiments. 

Implications: Impacts that lead to partial vaporiza-
tion are easily achieved during planet formation [1]. In 
a vaporizing impact, the shocked minerals decompress 
along an isentrope to the liquid-vapor phase boundary 
(orange arrow, Fig. 3). The decompressing fluid trans-
forms to a mixture of liquid and vapor, whose propor-
tions can be calculated using the lever rule and the 
specific entropies of the sample and phase boundary. 
As the system continues to cool and decompress, the 
phases intersect the triple point and the melt droplets 
freeze, closing the system geochemically. When the 
system becomes optically thin, depending on the de-
tails of the vapor plume, radiative cooling will reduce 
the S of the system. Then, the melt will freeze and va-
por will condense as new dust or onto nearby melt 
droplets. As a result, the MVE concentrations will vary 
with particle size after a vaporizing impact. Size sort-
ing processes in the protoplanetary disk can lead to 
bulk separation and cumulative changes in MVE abun-
dance from collisions [8]. 

Conclusions: Impact vaporization was a major 
process during planet formation, but the role of im-
pacts in fractionating volatiles has been debated. We 
conducted shock experiments on major planet-forming 
silicate minerals to locate the liquid-vapor phase 
boundaries and critical points. Our experimental data 
on forsterite show significant deviations from the 
widely-used M-ANEOS model [16], and the model 
equations of state should be improved using these new 
data. These experiments provide essential information 
to understand mobilization and fractionation of vola-
tiles during impact processes. 
 

References: [1] Carter et al. (2019) LPS L, #1246. 
[2] Asphaug (2010) Chem. Erde, 70, 199–219. [3] Stewart 
and Leinhardt (2012) ApJ, 751, 32. [4] Carter et al. (2015) 
ApJ, 813, 72. [5] Carter et al. (2018) EPSL, 484, 276–286. 
[6] Carter et al. (2019) LPS L, #1245. [7] Davies et al. (2019) 
LPS L, #1257. [8] Davies et al. (2019) LPS L, #1256. 
[9] Lemke (2005) JAP, 98, 073530. [10] Kraus et al. (2012) 
JGR, 117, E09009. [11] Hicks et al. (2006) PRL, 97, 025502. 
[12] Root et al. (2018) GRL, 45, 3865–3872. [13] Kraus et al. 
(2015) NatG, 8, 269. [14] Knudson and Desjarlais (2009) 
PRL, 103, 225501. [15] Root et al. (2015) JAP, 118, 205901. 
[16] Melosh (2007) MaPS, 42, 2079–2098. [17] Xiao and 
Stixrude (2018) PNAS, 115, 5371–5376. [18] Nagahara et al. 
(1994) GCA, 58, 1951–1963. 
 

Acknowledgments: This work is supported by the San-
dia Z Fundamental Science Program; DOE-NNSA grant DE-
NA0002937; NASA grant NNX15AH54G; NASA grant 
NNX16AP35H (EJD); and UC Office of the President grant 
LFR-17-449059. Sandia National Laboratories is a multimis-
sion laboratory managed and operated by National Technol-
ogy & Engineering Solutions of Sandia, LLC, a wholly 
owned subsidiary of Honeywell International Inc., for the 
U.S. Department of Energy’s National Nuclear Security Ad-
ministration under contract DE-NA0003525. Prepared by 
LLNL under Contract DE-AC52-07NA27344. 

2116.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)


