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Introduction: Magnetite (Fe3O4) is one of major
minerals in a hydrated asteroid Ryugu [1] and CI and
CM chondrites [e.g., 2]. Since thermal decomposition of
magnetite, Fe304 -> 3FeO + 1/20, occurs at a relatively
low temperature (<2,000 K depending on oxygen
fugacity), magnetite might behave as an oxidizing agent
in impact chemistry on carbonaceous asteroids.
However, the decomposition behavior of magnetite due
to impact heating is not well understood.

Remote sensing observations of Ryugu conducted
by the Hayabusa2 spacecraft [3] and the sample
analyses of Ryugu particles [1] revealed that the
carbonaceous asteroids have substantial porosity.
Compaction of porosity can dramatically enhance the
degree of impact heating [e.g., 4]. Although the s—«
porosity compaction model for shock physics codes is
well established [5], experimental validation of its
predictions of post-shock residual temperature, which is
the most influential parameter of impact chemistry, has
been lacking.

For the two motivations above, we studied impact
devolatilization of magnetite using magnetite powder,
i.e., a purely Fe—O system, as a first step. We are able to
easily produce a pellet with a porosity. Since the phase
diagram of the Fe—O system is well-established [e.g., 6],
we can estimate the residual temperature field based on
the total Oz production No2. In this study, we
investigated No2 as a function of impact velocity vimp
and initial porosity ¢o. Then, we compared the
experimental results with the heated mass calculated by
the iISALE shock physics code [5, 7, 8]. As magnetite
decomposes above 1,890 K [6], any Oz production after
impact provides direct evidence that the shocked targets
were heated to above 1,890 K.

Methods: We conducted both laboratory
experiments and shock physics modeling as follows.

Laboratory impact experiments. We investigated
impact decomposition of magnetite with a two-stage
light gas gun at the Planetary Exploration Research
Center (PERC) of Chiba Institute of Technology, Japan
[9]. We used an ALOs sphere as a projectile with a
diameter of 2 mm. A nylon slit sabot [10] was used for
accelerating the projectile. ¢h and vimp were varied from
51% to 79% and from 3.19 km s to 7.04 km s,
respectively. We only conducted vertical impacts. The
impacts occurred in a fully-open system filled with Ar
gas with a total pressure of 500 Pa. To avoid the

aa

s
10 Ty

3,

lon current (A)

lon current ratio
3

F [ impact velocity

F =61-65% [ =6.98-7.04kms'
o [Of F @Ff
3

10—t

Decomposed Fe;0, mass (M)

POy AN SN i sl RS I IR
o 15 30 o 15 30

Time after impact (sec)

e Sl
Impact velocity (kms*) Initial porosity

Figure 1. Experimental results. (a) A raw data of shot
#542. (b) Ion current ratio to /s as a function of time.
The corresponding vimp are shown beside the lines. (c)
and (d) Decomposed magnetite mass as a function of

vimp and ¢h, respectively.

chemical contamination from the gun operation, the
two-valve method [11, 12] was used. The impact-
generated gases were measured with a quadrupole mass
spectrometer (QMS; Pfeiffer, Prisma plus QMG220). A
calibration experiment was also conducted with air to
quantify Noo.

Shock physics modeling. We conducted standard
impact simulations, which model a vertical impact of a
spherical projectile onto a flat target under the same
conditions as the experiments except for no ambient gas
in the simulation. The Tillotson EOS [13] for A>O3[14]
was used to describe the projectile. We constructed a
new parameter set for ANEOS [15] to describe the
hydrodynamic and thermodynamic response of
magnetite based on known shock Hugoniot data [16]
and thermo-elastic properties [17]. We also used the
g—a model to treat the effect of pore collapse on impact
heating. Note that no strength model was employed in
the simulations.

Results: Figure la shows an example of raw
experimental data. The ion current for the mass number
M/Z = i is denoted as L. A sudden rise in [:2(02") was
observed, showing that we detected Oz production from
the magnetite pellet due to impact heating. In contrast,
we confirmed that lso(Ar") was stable during the
measurement, allowing us to quantify Nox by
referencing to the ion current ratio of /52 to 4. Figure
1b shows the ion current ratios of /32 to l40 at 4 different
values of vimp. We clearly detected an Oz generation
even at 3.19 km s!. Figures 1c & d show decomposed
magnetite mass calculated from No> as a function of vimp
(c) and ¢ (d). We found that Noz strongly depends on
Vimp (Xvimp?), suggesting that the heated mass cannot be
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Figure 2. An example of the iSALE results. This
simulation corresponds to the shot #542. We show both
a provenance plot (a) and a snapshot at 2.9 us after the
impact. The color bar indicates expected residual
temperature (See text). (b) Heated mass distribution.
The corresponding vimp are shown beside the lines. The
temperature at the thermal decomposition of magnetite
is shown as the dashed grey vertical line.
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scaled simply by the kinetic energy of the impact. The
porosity effect on Noz is not clear, possibly due to a
trade-off between the lower specific mass per unit
volume and the higher heating efficiency with
increasing ¢v.

Figure 2 shows an example of the iSALE results. We
estimated “expected” residual temperature Ties after
decompression down to 10° Pa by assuming an
isentropic release from the peak shock states (Fig. 2a).
Figure 2b shows the cumulative mass heated to a
temperature higher than Tres as a function of 7res. Figure
3 shows a comparison between the experimental and
iISALE results. Decomposed magnetite masses were
plotted against the heated target mass having 7Tres >
1,890 K in the iSALE simulations. We found that
iSALE reproduced a decomposition trend at vimp higher
than 5.8 km s! if we multiply the iSALE results by a
factor of 4.6% regardless of vimp and ¢o. However, the
iISALE results cannot explain the Oz generation at vimp
<4.2 km s™! observed in the laboratory experiments even
though we considered the enhancement of the impact
heating due to pore collapse.

Discussion & Conclusions: We demonstrated a
system to investigate thermal decomposition of
magnetite in porous targets. We will explore the
decomposition behavior of magnetite under various
oxygen fugacity in the near future.

The iISALE results at high vimp (Fig. 3) indicate that
iISALE and the é—a model captures well the controlling
physics of impact heating in porous targets. The factor
of 0.0456 could correspond to the actual decomposed
fraction in the heated mass above 1,890 K in the
experiments. Some local heating mechanism(s), which
were not accounted for in the continuum iSALE
calculations, might cause the thermal decomposition of
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Figure 3. Comparison between the laboratory and
numerical experiments. The impact velocity and the
initial porosity of the target of each experiment indicate
beside the data point. The black dashed line shows the
4.6% of the iISALE results.

magnetite in the experiment at low vimp. Since the
decomposed mass of magnetite reaches a few % of the
projectile mass at vimp = 4.2 km s°!, which is close to an
average vimp in the main asteroid belt [18], such local
heating might be the origin of thermal metamorphism
recorded in carbonaceous chondrites [e.g., 19].
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