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1. Executive summary

The results of this project are the first experimental data on the behavior of metal-silicate
mixtures under very high pressures and temperatures comparable to those of the putative
Moon-forming impact experienced by Earth in its early history. Probably the most important
outcome of this project was the discovery that metal-silicate interaction and equilibration
during highly energetic transient events like impacts may be extremely fast and effective on
relatively large scale that was not appreciated before. During the course of this project we have
developed a technique for trapping supercritical melts produced in our experiments that allows
studying chemical phenomena taking place on a nanosecond timescales. Our results shed new
light on the processes and conditions existed in the early Earth history, a subject of perennial
interest of the humankind. The results of this project also provide important experimental
constraints essential for development of the strategy and technology to mitigate imminent
asteroid hazard.

2. Project objectives and accomplishments

The major objective of the project was an experimental study of physical and chemical
interaction between mantle (olivine) and core (metal) materials at very high temperatures (>4000
K) and pressures (>135 GPa) that are thought to have existed during and after the putative giant
impact responsible for the formation of the Earth-Moon system. As a minor task, we proposed to
carry out a pilot study of interaction of high energy radiation with mixed metal-silicate targets in
order to evaluate a feasibility of this process for chondrule formation in putative radiation driven
nebular shock waves.

To achieve these objectives we developed:
= an experimental setup for irradiating our targets with powerful SNL lasers
= atechnique for preparation of powdered samples and fabrication of target pellets
= proper target holders capable of recovering of the irradiated samples
* mathematical models for proper calculations of the P-T conditions of our experiments based

on a limited number of measurable characteristics
= mathematical models for scaling the experimental results to planetary and astrophysical
environments.
The application of the above techniques to solid and powdered metal-silicate targets along
with petrologic and chemical studies of the irradiated targets allowed:
= to measure shock parameters as particle velocity, shock velocity, pressure gradient, and the
momentum coupling coefficients for a variety of materials

= to establish a range of laser irradiation parameters (laser intensity, pulse duration, spot size)
optimal for producing high T-P melts while still retaining them within intact or partially
broken targets

* to estimate with sufficient precision the peak pressures and temperatures of target melting

= to establish the ranges of chemical variations in the silicate and metallic melts coexisting at
high pressures and temperatures of our experiments

= to justify the use of the Hf-W chronometer for dating core formation and early differentiation
of terrestrial planets

The application of our experimental results to the problem of chondrule formation showed
that very high energy density in our experiments, although capable of melting solid silicate-metal



mixtures, results in almost instantaneous removal of the melt from the surface rather then in
melting of a whole object, contrary to the chondrule properties. Further experiments on this topic
were found to be counterproductive.

3. Project activities

This extended summary describes the main accomplishments of the project such as (1) the
experimental setup, (2) new experimental techniques developed for trapping the high T,P melt, (3)
mineralogy and chemistry of the experimental charges, and (4) implications of our experimental
results to the evolution of Earth-Moon system.

3.1 Development of the experimental setup

To evaluate the behavior of metal-silicate mixtures at giant impact conditions we carried out
experiments aimed at studying partitioning of Fe and Ni (proxy for W) between metal and
silicate melt formed at high P and T by laser-driven shocks of powdered ultra-pure Fe metal and
Ni-bearing ALM-2 dunite mixtures.

The targets were fabricated by pressing (at ~40 kPsi) mixtures of the vapor-deposited Ni-
free Fe metal crystals (20-50 um) and powdered ALM-2 dunite (5-300 um) into disk-shaped
pellets of 6.3 mm in diameter and ~1-2 mm thick. The ALM-2 dunite (from Almklovdalen,
Norway) consists of forsterite (Fo 93.1+0.5, NiO ~0.4 wt. %) with minute grains of
clinopyroxene, orthopyroxene, Al-rich chlorite, and chromite (Fig. 1). Target porosities of 20-35
% were evaluated from the back-scattered electron (BSE) images.
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Figure 1. BSE image of the target (90 % dunite and 10 % metal). Black — epoxy, white — metal, gray — silicates,
mainly forsterite. Minute grains of clinopyroxene (Cpx) and chlorite (Chl) are shown by labeled arrows.

The experiments on laser shock-induced melting of metal-dunite targets were conducted at
the Sandia National Laboratories using NLS (1064 nm) and ZBL (527 nm) lasers with maximum
energy outputs of 300 GW/cm? and ~10 TW/cm?, respectively. Evidence of melts was only
found in the targets irradiated with the ZBL laser.
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Figure 2. Schematic diagram of experimental setup.

The targets, one at a time, sealed in a vacuum chamber (<10 torr) were shocked by a single
pulse of either 1064 or 527 nm laser radiation focused to ~1 mm spot. The intensity of laser
radiation for each experiment was calculated based on the measured energy output, pulse length,
and spot size of a particular laser shot. The experimental setup (Fig. 2) allowed an automatic
detection of the arrival of the shock wave, monitoring its propagation through the target, and
precise measurement of the target rear surface displacement. Plasma radiation from the pulsed
laser impact on the front surface is detected and initiates a time sequence. A probe laser signal
monitoring the rear surface detects the emergence of the shock wave at the rear surface. The rear
surface push-out time is measured from the shock wave arrival time to the time taken for the
signal to reach its minimal value, indicating complete laser beam displacement from the rear
surface probe detector. The real-time electro-optical recordings of the shock wave propagation
and particle velocities coupled with the known irradiation intensity were used to calculate the
shock parameters of each experiment (section 3.3).

3.2 Summary of experimental results

Shock-induced melts were only found in the targets (ZBL-10, -13, and -16) irradiated with
the 527 nm ZBL laser, delivering ~140-400 J per 0.15-1 nsec pulse. At lower pulse energies no



melting was observed while at higher energies targets did not survive. The laser shot created a
plasma cloud above the target surface and an ablation region of a high density melt at the
plasma-target interface that eventually produced a “crater” (Fig. 3A,C).

Recovered targets or their fragments show more or less rounded craters with blackened
appearance. BSE images of cratered target fragments (Fig. 3) show rough crater surfaces with
host metal and forsterite grains being bound together by thin films or pockets of silicate melt
with varying amounts of dispersed metal beads. No traces of melt were found on crater surfaces.
Melt apparently fills porous space, grain boundaries, and cracks and crevasses in forsterite
grains. No evidence for incipient melting such as reaction relationships among metal-silicate
melt and host metal and forsterite grains was found in the targets studied, so far. Moreover,
optical properties of forsterite grains surrounded by melt (e.g., Fig. 3B) show no evidence of
experiencing high temperatures and pressures.

Figure 3. BSE images of the targets studied. Black — epoxy, white — metal, gray — silicates, mainly forsterite.
Minute grains of chlorite (Chl), and orthopyroxene (Opx) are shown by labeled arrows. A: Cratered fragment of
the target ZBL-16 (50 % dunite and 50 % metal) shocked at 276 GPa. The yellow box outlines area shown in B. B:
Forsterite grain surrounded by a discontinuous rim of FeO-rich silicate melt (lighter gray) with embedded metal
beads. Note the lack of reaction between the melt films and host forsterite and metal. C: Cratered fragment of the
target ZBL-13 (90 % dunite and 10 % metal) shocked at 228 GPa. The yellow box outlines area shown in D. D:
Pockets of FeO-rich silicate melt rimming forsterite grains in a cavity underneath the crater surface. The presence
of vesicles in the melt points to some boiling after the pressure release.

Chemical compositions of silicate melt and metal beads differ significantly from the host
olivine and metal, respectively (Fig. 4). Silicate melt is enriched in Al,O3, Cr,03, and FeO
compared to the host forsterite. NiO concentrations in silicate melt depend upon the presence or
lack of metal beads in it: silicate melt without metal beads has NiO contents similar to that of the
host forsterite, while silicate melt with abundant metal beads is depleted in NiO. Simultaneously,
metal beads contain substantial amounts of Ni and Si, providing direct evidence for the
extraction of Ni and Si from the silicate melt into the coexisting metal. The generally small sizes



of metal beads, typically in the 3-5 micrometer range, imply that their analyses might have been
contaminated with the surrounding silicate melt due to the beam overlap. In many cases this can
be verified by the rather high Si (a few wt. %) contents in metal beads; such analyses are not
reported here. To test whether the low Si contents in metal are real, we measured a compositional
profile across one large metal bead shown in Fig. 4E. The rather high Si contents in the core of
this bead suggest that the Si concentrations measured in other beads are real and not a result of
X-ray fluorescence from the surrounding silicate melt. Moreover, the pronounced Si zoning
points to a diffusional loss of Si from the metal upon cooling that, however, apparently did not
affect the Ni concentration.
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Figure 4. Concentrations of Al,Os, Cr,0O3, FeO and NiO in forsterite, impact melt, and chlorite (A-C, F) and Si and
Ni in source metal and metal beads (D,E). A-C: Crosses — forsterite, filled squares — silicate melt without metal
beads, open squares — silicate melt with embedded metal beads. D: Crosses — Si, Ni-free source metal, open squares
— metal beads embedded in silicate melt E: Diamonds — Si, crcles — Ni, error bars are 2. F: Crosses — forsterite,
filled squares — silicate melt without metal beads, open squares — silicate melt with embedded metal beads, Swiss
crosses — chlorite; the linear least-square fit (R=0.83) of both populations of silicate melts (dashed line) extends to
the compositions of Al-rich chlorite, identifying it as the source of Al and Cr in the silicate melts.

Rather high contents of Al,O3 and Cr,03 in the silicate melt require a high degree of target
homogenization most likely in the plasma cloud and/or ablation melt layer at the target surface
by incorporating Al,O3 and Cr,0O3 from the minute grains of Al-rich chlorite (Fig. 4F).

The lack of incipient melting of the targets along with the occurrence of the melt along grain
boundaries and cracks in mineral grains point to injection and quenching of melt formed at the
target surfaces. We conclude that the metal-silicate melt in our targets represents a portion of the
high P-T ablation melt driven into the cold target by the shock wave; the remaining melt along
with the shocked and shattered target minerals was lost upon pressure release.



3.3 Interpretation of experimental results: New techniques

The major challenges we faced with in the course of our study were (1) How to capture high
P-T laser ablation produced melts, (2) How to calculate pressures and temperatures of those
melts, and (3) How to quantify shock-induced mixing both in laser-ablation experiments and
during the giant impact phase of planetary formation.

The technique for capturing the laser ablation produced melts came out of our
experiments somewhat inadvertently. Our experimental design turned out to be advantageous
in two ways: the experimental timescales were too short for an incipient melting inside the
target while the high porosity of our targets allowed trapping and quenching of melts
produced in the high P-T ablation zone.

To calculate the P and T in our experiments we have developed a mathematical model of the
processes involved in the production of the melts trapped in the targets (Remo et al., 2008b).
First, we calculated the pressure, P,, in the plasma region from known values of laser intensity
(I), wavelength (1), average atomic mass (4), and ionization level (2): P.= 1.034x10°(l/ 2
/(Z+1))"” (GPa). Then the temperature in the plasma region, T,, is 7. = 11.4 (A/(1+2))"12*)*?
(KeV),with 1 eV =11,606 K.

At the interface between the plasma region and the ablation region the relevant
hydrodynamic conservation conditions are: p. vi = pup Vapr (mass conservation) and P, + p, sz
= Pur + puni vab12 (momentum conservation). It is generally assumed (Atzeni & Meyer-ter-
Vehn, 2004) that the critical density of the plasma is 10-100% lower than the density of the
ablation region underneath it. Accepting a conservative value of 100 (. = 0,:/100), the
boundary condition of dP =0 yields: P,y = P, + p. vT2 = 1.5 P.. Then the temperature in the
ablation region, Ty, 18: Tapi = T (Pupt/Pe) (0 Pabi)-

The three ZBL targets were irradiated with the intensities of 2.2 (ZBL-13), 2.8 (ZBL-16),
and 5.8 (ZBL-10) TW/cm®. For these intensities and the laser wavelength of 527 pm the
pressures and temperatures at the top of the ablation zone were 228 GPa and 17,823 K for ZBL-
13,276 GPa and 21,121 K for ZBL-16, and 450 GPa and 34,470 K for ZBL-10. The estimated
uncertainties of these values are ~10 rel. %, with the uncertainty of the laser intensity being the
main contributor. These values are in a very good agreement (Fig. 5) with the similar
experiments on laser-induced shock melting of fused silica and quartz reported by (Hicks et al.,
2006) who measured temperatures of shocked materials by an optical pyrometer.
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Figure 5. Experimental pressures and temperatures for the ZBL targets are shown by labeled circles with 10% error
bars. The Hugoniots for the fused silica and quartz, estimated phase boundaries for solid, liquid and atomic silica
fluid, and Giant Impact field are from Hicks et al. (2006).

The problem of scaling of our experimental results to the planetary scale is discussed in
sections 3.4 and 3.5.

3.4 Target homogenization timescales: Evidence for the Richtmyer-Meshkov instabilities

The observed homogenization of Cr and Al in the targets studied requires an effective
mixing of the target materials on a short timescale, with neither the mixing mechanism nor the
exact timescale being known. The timescale is only loosely constrained by a laser pulse width
(~0.1 -0.4 nsec) and the shock transit time across the target (~1200 nsec). To get an idea on how
such mixing could have occurred, we performed a theoretical analysis of the processes involved
in production and evolution of shock-induced melting using the ZBL-16 experiment as an
example.

The isothermal speed of sound in the plasma region (Uy) is ~81 km/s (calculated from the
laser intensity of 7/ = 2.8 TW/cm? = 4,ocrit(UT)3 and the critical density (it = 1.33x102 g/cm3).
The compression/shock wave speed in the ablation region is ~0.01Ur to 0.05U7 due to the
density difference between the plasma and ablation region. This is relatively consistent with the
measured average shock compression wave velocity through the target of 1.91 km/s. In the
ablation region the peak shock pressure is estimated (Remo et al 2008a,b) to be ~276 GPa at a
temperature of ~21,000 K. The shock transit time through the 2.27 mm thick target was 1190 ns.
However, the real timescales of high T and P in the target may only have been a factor of about 5



to 10 times the laser pulse time (Swift et al 2004), thus for calculations below we use the
maximum value of 10 to obtain the most conservative estimate of timescales.

The ablation rate dm/dt = p,Uaplation Where p, is the average target density (~3.4 g/cm3) and
the ablation velocity (Uaplation) 18 ~0.01Ur to 0.05U7. The ZBL-16 target central crater depth is
470 pm and the estimated ablation depth (d) is 250 um (Remo et al., 2008). If the entire process
was ablative then the total ablation time is in the range of 60 to 310 ns, about 150 to 800 times
the laser pulse time. If homogenization was ablation driven, then homogenization of the melt
produced in the ablation region would have to have occurred on this timescale or faster. The
linear scale of homogenization is the diameter of the crater (~1 mm). Assuming homogenization
occurred by diffusion we calculate an effective diffusion coefficient of D = (Ldjff/z)z/t ~0.81 to
4.1 m*/s from the total time available during ablation (7) and the diffusion length scale (Lgif).
Independently, the maximum values of diffusion coefficients of Si and Fe in the ablation zone (T
~ 21,000 K) can be estimated from the thermal conductivity (K) values computed by the MULTI
code using the Sesame EoS (Ramis et al. 1988) and extrapolated experimental values (Monaghan
& Quested, 2001) which yield a range from 10™ to 5.5%x10™ m?/s. This corresponds to a diffusion
length scale in the range 1 to 5 um — a factor of 200 to 1000 smaller than the observed mixing
length scale of ~1 mm). Because our experimental apparent D value is at least a factor of ~10°*
higher than likely D values, the efficient mixing observed in our experiments requires a
mechanism other than diffusion.

It is known that a high pressure shock wave drives fluids of different densities at different
rates, creating turbulent mixing interfaces due to Richtmyer-Meshkov (RM) instabilities. Laser
irradiation induces a shock wave propagating through the target and produces RM instabilities in
high power laser ablation experiments (Velikovich et al., 2000). It provides the seed for the
Rayleigh-Taylor (RT) instability that develops during the acceleration phase of impulse. The RM
instability scale (L) for a shock wave driven process in dense (molten) liquids is obtained from
the following simple relationship (Atzeni & Meyer-ter-Vehn, 2004): L = AntUimpuise, Where 4 =
(p1-p2)(p; + p2) 1s the Atwood number (~0.4 for our experiment based on densities of metal and
silicate), 7 is the laser pulse length (0.39 ns), n is the duration of the shock process in multiples of
7. The impulse velocity (Uimpuise) that drives turbulent mixing can be calculated from an estimate
of the relative amount of ablation (high P, 7' melting) and the isothermal speed of sound in the
plasma (Ur) by the equation (Atzeni & Meyer-ter-Vehn 2004): Uimpuise = - 2UrInx where x =
m(t)/m, where m(¢) is the remaining mass at time ¢ and m, is the initial mass. Substituting Ujypuise
yields L = -24ntUrlnx. Here n =10 for the RM because it demands a shock process that will not
persist much longer than the high pressure plasma pulse. While x = m(#)/m, for our experiment
cannot be precisely determined, it is estimated to be ~0.10 (>90% ablation and <10 % injected
into the target) which yields a value of L ~ 582 pm for the ZBL-16 experiment (Ur = 81 km/s)).
This is very similar to the required equilibration length scale of ~0.5 mm (radius of crater) and
much larger than the estimated diffusion length scale (~1 to 5 um). Thus, we conclude that the
observed Cr and Al mixing in the silicate melt is consistent with being produced by the RM
instability caused by the impulse shock. The assumption here is that the process that drives the
metal-silicate mixing in our experiment also homogenizes Cr and Al from the chlorite grains in
the target material.

The turbulent mixing induced by RM in our experiments has important implications to
mixing during the final stages of Earth’s accretion. What is required here is that the collision of
Earth and an impactor propagates a shock wave over a broad volume for a significant period of
time. In this case the impulse velocity for the planet collision can be calculated from the speed of



the impactor (Usmpacior) In a similar way to our single pulse laser ablation experiment. The energy
density of a giant impact modeled by Canup (2004) with Ujypacior =10 km/s is similar to that of
the ZBL-16 shot producing the ~276 GPa pressure in the laser target ablation zone. The RM
length scale for the planet collision iS: Lpianer = -2A4 praneiTpianetUmpaciorl DX Pianer (XpPianer 18 the mass
fraction of melt produced at the initial impact that is not ablated). It depends on the amount of
melting occurring in the collision process. Because the turbulent mixing is linearly dependent on
1, there is a simple scaling of our experimental results to the planetary bodies involved in the
formation of the Earth-Moon System: Tpianet = (UT/ l]Impactor)(lnxlaser/ 1nxPlanet)(LPlanet/ Llaser)nlaserflaser
assuming similar Atwood numbers for the laser target and the planet. We use Apjanet ~0.4 and a
conservative value for the amount of the melt produced in the impact zone that is initially ejected
from the Earth (xpianet = 0.5), based on the simulation by Canup (2004). Thus, the RM mixing
length-scales is 2200, 6400 and 17000 km for times of 0.11, 0.32 and 0.86 hours, respectively.
These results are compared in Figure 6 with cartoons of three early stages of the simulation of
the Earth-Moon forming impact process modeled by Canup (2004). Thus, if this collision can
maintain the high P, T at the interface, the shock wave induced turbulence will effectively mix
the interior of the impactor in less than 1 hour. We note that the reverberation shock experiments
(Tschauner et al. 2005) also imply that RM instabilities during a giant impact would lead to an
effective mixing of the impactor’s core. Thus, the RM instabilities caused by the shock
conditions during the giant impact can result in efficient homogenization of impactor core and
terrestrial mantle material.

0.11 hr 0.32 hr
(L= 2200 km) L= 6400 km)
Very high PT Impactor
melting \
—)
Proto-Earth

(e

0.86 hr
(L= 17000 km)
Figure 6. Cartoon based on the SPH simulations of the Moon-forming giant impact by Canup
(2004). An initial oblique impact initiates RM instabilities in both objects. The shaded area
denotes very high P, T melt.

3.5 Metal-silicate equilibration: Implications for the Hf-W dating of core formation
The generally small size of metal droplets enclosed in the shock-produced silicate melt is

consistent with estimated diffusion lengths of Fe and Si in the ablation zone (section 3.4),
suggesting that the metal-silicate equilibration was most likely a diffusion-driven process. Then



using the estimated D value of 3x10” m*/sec we can scale our experiments to the conditions of
the giant impact (Fig. 7). It takes only a minute to extract Ni into a 10 cm metal droplet from the
silicate melt surrounding it.
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Figure 7. Timescales for Ni equilibration between silicate melt and metal droplets.

The experiments also suggest that the post-giant impact terrestrial magma ocean could have
been much more ferrous (15-25 wt.% FeO) than the current mantle (7.6 wt.%). This implies that
more than half of FeO from the primary magma ocean must have been reduced to Fe to be
transported into the Earth’s core as metal droplets. The high efficiency of this process in metal-
silicate equilibration has already been demonstrated (Rubie et al. 2003; Melosh & Rubie 2007).
It is driven by Rayleigh-Taylor (RT) instabilities causing further mixing of metal and silicate
during the rainout of metal into the core following the giant impact. Thus, the metal-silicate
mixing was started by RM and followed by RT mixing. The RT instabilities reduce the length-
scale of metal blobs (km-sized) in the magma ocean to ~1 cm leading to rapid chemical and
isotopic equilibration (Rubie et al. 2003). Therefore, our new experimental results provide strong
support for "**Hf-"**W dating of core-mantle differentiation by using the standard global magma
ocean model that yields a mean time of core formation (64% of the mass) of 11 Myr (Yin et al.
2002). If this model is modified to include a Mars-sized impactor at the end of accretion, then the
Earth-Moon system forms ~32 Myr after Solar System formation (Jacobsen 2005).
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