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Impact vaporization of planetesimal cores in the
late stages of planet formation
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Differentiated planetesimals delivered iron-rich material to
the Earth and Moon in high-velocity collisions at the end
stages of accretion. The physical process of accreting this
late material has implications for the geochemical evolution
of the Earth-Moon system and the timing of Earth's core
formation'3. However, the fraction of a planetesimal's iron
core that is vaporized by an impact is not well constrained as
a result of iron's poorly understood equation of state. Here
we determine the entropy in the shock state of iron using a
recently developed shock-and-release experimental technique
implemented at the Sandia National Laboratory Z-Machine.
We find that the shock pressure required to vaporize iron
is 507 (+65, —85) GPa, which is lower than the previous
theoretical estimate* (887 GPa) and readily achieved by the
high velocity impacts at the end stages of accretion. We suggest
that impact vaporization of planetesimal cores dispersed iron
over the surface of the growing Earth and enhanced chemical
equilibration with the mantle. In addition, the comparatively
low abundance of highly siderophile elements in the lunar
mantle and crust>® can be explained by the retention of a
smaller fraction of vaporized planetesimal iron on the Moon, as
compared with Earth, due to the Moon's lower escape velocity.
Estimates of the timing of the end of Earth’s core formation
range from ~30 to >100 Myr after the start of the Solar System’
and depend on approximations for the magnitude of metal-silicate
chemical equilibration for impactors of different sizes and impact
velocities. Complete equilibration via emulsification of iron in a
mantle magma ocean may occur by mixing the core material to
centimetre length scales’. However, numerical simulations of giant
impacts generally find that the impactor’s core penetrates through
the mantle to Earth’s core'®", and calculations of Rayleigh-Taylor
instabilities and turbulent mixing do not achieve emulsification of
iron cores larger than about 10km (ref. 12). Even when cores are
emulsified by instabilities, they may only equilibrate with a fraction
of Earth’s mantle unless there is significant post-emulsification
mixing'?. Thus, studies of the physics of core formation have
suggested limited chemical equilibration of impactor cores with
Earth’s mantle. In contrast, chemical' and W-isotopic evidence?
suggest that more substantial equilibration must have occurred.
Core formation removes highly siderophile elements (HSEs:
Re, Os, Ir, Ru, Rh, Pt, Pd, Au) from the mantle, but Earth’s
mantle contains orders of magnitude higher concentrations of HSEs
than predicted by their low-pressure metal-silicate partitioning
coefficients®. The concentrations and chondritic proportions of

HSEs in the mantles of the Earth, Moon and other planets are used
to infer the late accretion of chondritic planetesimals throughout
the inner Solar System>". Perplexingly, the abundance of HSEs in
the lunar mantle and crust has been estimated to be about one
to two orders of magnitude smaller than expected>®® if the Moon
accreted the same population of late impactors as Earth, adjusted
for their gravitational capture cross-sections. To explain the low
abundance of HSEs on the Moon, recent studies have proposed
dynamical solutions, including enhanced gravitational focusing of
slow, small (~10 m) planetesimals onto the Earth® or the stochastic
accretion of a few large (~1,000km) planetesimals to the Earth
but not the Moon'. However, N-body simulations of the end
stages of terrestrial planet formation find that the impact velocities
of late-accreting planetesimals are very large (one to four times
Earth’s escape velocity)'>'¢, and collisions between planetesimals
are erosive'’, leading to a size distribution of small bodies rather
than a few large planetesimals. So far, the role of impact-induced
vaporization of iron cores during core formation and late accretion
has not been investigated.

The shock pressure required for the onset of vaporization on
decompression is determined by comparing the entropy on the
Hugoniot to the entropy of vaporization at ambient pressures'®.
In general, the entropy on the Hugoniot has been estimated by
theoretical equation of state (EOS) models. However, the entropy
on the Hugoniot may be determined more accurately by combining
shock temperature measurements with thermodynamic data from
lower pressures and temperatures’. Although shock temperature
measurements are relatively straightforward on transparent
materials, shock temperature measurements on opaque materials
are much more difficult to carry out accurately (see ref. 20 for
an excellent review). Consequently, experimentally constrained
thermodynamic integrations cannot be performed to determine
the entropy along the Hugoniot of opaque solids such as iron, and
the thermal EOS of opaque solids are generally poorly known.

Here, we developed an experimental technique to determine the
entropy on the iron Hugoniot and derive the shock pressure required
for vaporization of iron. The entropy at a point on the iron Hugoniot
was determined by finding the shock pressure where the release
isentrope intersects the 1-bar boiling point on the liquid-vapour
phase boundary, where the entropy is experimentally constrained.
The critical release isentrope was identified by measuring the
density of iron at the state where the isentrope intersects the
liquid branch of the liquid-vapour phase boundary (Supplementary
Information and ref. 19).
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Figure 1] Liquid densities as a function of shock pressure. Measured
density of iron isentropically decompressed to the liquid-vapour phase
boundary from a shock state on the principal Hugoniot (points with error
bars) and the density of liquid iron at the 1-bar boiling point (grey line and
dashed lines; refs 21,22 and Supplementary Information). The intersection
between the release density trend (solid blue line and blue dashed lines)
and the density at the boiling point determines the critical shock pressure
to release to incipient vaporization.

In Fig. 1, the measured density on the liquid branch of the
liquid—-vapour phase boundary of iron is presented as a function
of the shock pressure achieved in the iron sample. The intersection
of the data and the 1-bar boiling point density of liquid iron*"*
represents the shock pressure required for the release path to
intersect the boiling point. Thus, we have experimentally linked
the thermodynamic state at the 1-bar boiling point to the principal
Hugoniot via the release isentrope. There are sufficient heat capacity
measurements on iron at lbar to perform an experimentally
constrained thermodynamic integration from 0K to the boiling
point temperature, 3,133 £ 70K, to calculate the entropy at the
boiling point, 2,240 £+ 60J kg™ K~ (Supplementary Information).
We find that the 1-bar boiling point entropy is achieved at 507(+65,
—85) GPa on the iron principal Hugoniot. Hence, the shock pressure
in iron required for the onset of vaporization on decompression to
1 bar is 507(465, —85) GPa.

Our experimentally determined shock pressure required for
incipient vaporization of iron is significantly lower than a widely
used theoretical estimate of 887 GPa (ref. 4). There are large
differences between our result and the entropies on the most
common theoretical Hugoniots used for planetary science and
physics applications, shown in Fig. 2. The entropy along the iron
Hugoniot by ref. 23 is too high, which is consistent with the model’s
melting temperatures being lower than recent experiments*. The
entropy on the ANEOS Hugoniot for iron® is too low and
predicts a shock pressure required for incipient vaporization that
is too high, ~635 GPa. These EOS models were developed without
experimental constraints on the temperature or the entropy along
the Hugoniot. Our data will significantly improve future EOS
models at the high pressures critical for modelling planetary impacts
and interiors.

The entropy on the Hugoniot is a critical parameter for
understanding shock-induced phase changes during planetary
impact events. Using our data and a series of high-resolution three-
dimensional impact simulations (Supplementary Information),
we are able to determine the required impact velocity for a
differentiated impactor that will lead to vaporization of the iron
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Figure 2 | Entropy on the iron Hugoniot. Comparison of the SESAME 2150
EOS for iron23, the ANEOS EOS for iron?®, and our data point (with error
bars) for the entropy on the iron Hugoniot. Also shown is the entropy at the
1-bar boiling point (Supplementary Information).

core on decompression to 1bar. The impact velocity depends on
impact angle, but we find that the iron cores transition from no
vaporization to partial vaporization of most of the impacting cores
between ~15-20km s™" for an initial temperature of 1,500 K. Then
using the lever rule and the 1-bar entropies for incipient and
complete vaporization, the approximate percentage of vaporized
iron core is determined as a function of the impact velocity of
a differentiated impactor colliding with the proto-Earth mantle,
shown in Fig. 3a.

To place the required impact velocity for vaporization into
context, we compare our results to the distribution of planetesimal
impact velocities onto Earth-mass planets from N-body simulations
of terrestrial planet formation'®, which are representative of
impact velocities during the end stages of accretion (Fig. 3b).
Vaporization of iron (>~18kms™) was achieved by 70% of
planetesimal collisions onto the Earth and ~55% of collisions onto
the Moon, where the lunar impact velocity distribution is estimated
from the terrestrial distribution. Vaporization of undifferentiated
planetesimals can be estimated by the onset of vaporization of silica
(~8kms™!; Supplementary Information and ref. 19), which was
achieved by ~90% of planetesimal impacts onto the Moon. The
onset of vaporization is accompanied by a large volume change
associated with adiabatic expansion that accelerates core material
away from the impact site®. The expansion velocities for partially
vaporized iron and silicate exceed the escape velocity of the Moon
(2.4kms™') but not Earth. Thus, the onset of vaporization leads
to an abrupt and substantial decrease in the fraction of projectile
accreted to the Moon. Including the effects of vaporization of
high-velocity planetesimals, the decrease in shock pressures at
oblique impact angles, and gravitational focusing of low-velocity
planetesimals, the ratio of mass accreted to the Earth and Moon
ranges from about 50 to 900 (Supplementary Information). Based
on the observations of the HSEs, the late accreted mass ratio
is estimated to fall between 100 and 2,700 (refs 6,8,13). Thus,
shock-induced vaporization and escape by adiabatic expansion
can account for the lower range of estimated abundances of
HSEs on the Moon, and novel dynamical conditions®* are
not required.

Before the late accretion of HSEs, impact vaporization
changed the way iron was incorporated into the growing Earth.
Shock compression and subsequent decompression to a state of
vaporization will generate a size distribution of small particles®
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Figure 3 | Iron vaporization fraction during planet formation.

a, Angle-averaged peak vaporization fraction of iron cores as a function of
impact velocity for a 1,500 K initial temperature (solid line) with the 1o
confidence interval (dashed lines) resulting from the uncertainty in the
entropy and the variance in the impact angle dependence. b, Histogram of
impact velocities onto Earth-mass planets from N-body simulations of
planet formation'®. At each impact velocity, bodies larger than the
estimated maximum impactor diameter may penetrate through Earth'’s
mantle to the core (Supplementary Information). The onset of vaporization
aids the dispersal of the cores of impactors smaller than this size limit.

(~mm to cm scale). These particles are distributed globally via
adiabatic expansion of the decompressing projectile material and
are small enough to equilibrate with a magma ocean’. The enhanced
dispersal increases the volume of Earth’s mantle that interacts with
each impactor core. Thus, for impactors with diameters up to
~2,600 km (Fig. 3b) and impact velocities above ~18 kms™' (and at
lower velocities if silicate vapour entrains iron fragments), impact
vaporization will significantly enhance core comminution and
dispersal over the surface of the growing planet (Supplementary
Information). Previous physical models of iron core breakup,
without impact vaporization, found that only iron bodies smaller
than about 10km in size fully equilibrate'. With vaporization,
the range of parameter space for metal-silicate equilibration is
much larger and encompasses most planetesimal impacts during
planet formation'>'°. The onset of vaporization provides a physical
mechanism in support of geochemical arguments that moderately
siderophile element abundances in Earth’s mantle are not inherited
from planetesimal mantles' and substantial re-equilibration
occurred on the growing Earth.

The effect of impact vaporization on the timing of accretion and
core formation can be substantial. During the giant impact stage of
planet formation'>'¢, planetesimals deliver about half of the accreted

mass, and about 30% and 80% of all planetesimal impacts onto
the growing terrestrial planets reach the onset of vaporization for
iron cores and silicates, respectively. As the fraction of equilibrated
impactor material increases, the timescale for accretion shifts from
the endmember local equilibrium model”’, with a mean time of
core formation of 115Myr, towards the magma ocean model®,
with a mean time of 11Myr. Hence, a 10% increase in the
fraction of accreted mass that globally equilibrates via vaporization
will decrease the calculated time of accretion/core formation by
~10 Myr (Supplementary Information). Although the magnitude
of metal-silicate equilibration during giant impacts is uncertain'?,
most of the accreted planetesimals are expected to equilibrate with
the growing planet.

The shock-and-release experiments described here traverse a
wide range of states within the warm dense matter (WDM)
region of phase space. WDM is exceptionally difficult to explore
experimentally and complicated to model from first principles; yet,
reliable descriptions of the WDM region are needed for accurate
simulations of the most pressing problems in shock physics and
planetary science. Our experimental techniques to measure the
density on the liquid-vapour phase boundary and the entropy on
the Hugoniot provide an extremely sensitive test for the theoretical
models employed in EOS development. These techniques are
completely general, and we anticipate they will be used to probe
the poorly understood regions of the EOS for a wide range of
elements and compounds of key importance in physics, geophysics
and planetary science.

Methods

Sandia National Laboratory’s Z machine? was used to launch aluminium flyer
plates onto ~200-um-thick samples of iron, generating a steady, planar shock
wave with amplitudes between 487 and 632 GPa, significantly greater than what is
achievable on a two-stage gas gun® yet with similar accuracy. On the shock wave
reaching the downrange free surface of the iron sample, a rarefaction wave
propagates back into the sample, simultaneously accelerating and decompressing
the iron along an isentropic path from the Hugoniot state to zero pressure. Owing
to the discontinuous change in sound velocity at the intersection of the isentrope
with the liquid-vapour phase boundary, the rarefaction wave splits into two
separate waves, generating a region of material between the two waves that is
inertially trapped on the liquid branch of the liquid-vapour phase boundary. The
decompressing iron expands uniaxially across a gap of known distance and
impacts a standard window. The density of the inertially trapped liquid is
determined by measuring the steady shock state generated in the window, as in a
reverse impact experiment (see Supplementary Information and ref. 19 for
experimental details and development of the technique).
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