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Abstract

Primitive solar system solids were accreted as highly porous bimodal mixtures of mm-sized chondrules and sub-um matrix
grains. To understand the compaction and lithification of these materials by shock, it is necessary to investigate the process at the
mesoscale; i.e., the scale of individual chondrules. Here we document simulations of hypervelocity compaction of primitive
materials using the iSALE shock physics model. We compare the numerical methods employed here with shock compaction
experiments involving bimodal mixtures of glass beads and silica powder and find good agreement in bulk material response
between the experiments and models. The heterogeneous response to shock of bimodal porous mixtures with a composition more
appropriate for primitive solids was subsequently investigated: strong temperature dichotomies between the chondrules and
matrix were observed (non-porous chondrules remained largely cold, while the porous matrix saw temperature increases of 100°s
K). Matrix compaction was heterogeneous, and post-shock porosity was found to be lower on the lee-side of chondrules. The
strain in the matrix was shown to be higher near the chondrule rims, in agreement with observations from meteorites. Chondrule
flattening in the direction of the shock increases with increasing impact velocity, with flattened chondrules oriented with their
semi-minor axis parallel to the shock direction.
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Nomenclature

o Distension

€ Strain

Exx Normal strain in x-direction
Eyy Normal strain in y-direction
Exy Shear strain

P Pressure

T Temperature

Vi Impact velocity

Y Material cohesive strength
U Shock velocity

U, Particle velocity

1. Introduction

Chondritic asteroids and meteorites are among the most primitive solar system objects, and provide our clearest
record of solar system formation. While present-day asteroids are lithified, they would have accreted as highly
porous [1,2] accumulates of two principal components: zero-porosity mm-sized spherical inclusions (chondrules) set
within a high-porosity matrix of sub-pm dust grains. Meteorite shock classification schemes are a measure of how
strongly the material has been shocked, but are calibrated against shock recovery experiments performed on geologic
materials with little-to-no porosity [3]. Porous materials respond very differently to shock than non-porous materials
[e.g. 4]. Furthermore, studies of meteorite shock level tend to determine shock metamorphic textures in the
chondrules, with the assumption that if they are unshocked, so must be the matrix.

Carbonaceous chondrites are predominantly (85% of samples) classified as “unshocked” (< 4-5GPa) or “very
weakly shocked” (5-10 GPa) [3,5]. Unequilibrated ordinary chondrites exhibit slightly higher shock levels, with
50% classified as “weakly shocked” (10-20 GPa) [3]. The inference commonly drawn from this is that these
materials avoided high-intensity collisions, record no evidence of local pressure-temperature (P7) excursions and
underwent little post-shock thermal metamorphism. However, it was recently proposed that the bimodal and highly
porous nature of chondritic precursor material may imply substantial compaction-driven PT excursions, even in low-
intensity impacts [7].

Here we apply mesoscale shock physics modelling [e.g. 6] and shock compaction experiments [14] to analog
primordial chondritic materials to investigate, and compare, their heterogeneous response to shock [7,8]. We confirm
that our numerical methods reproduce the bulk response observed in experiments, providing evidence that the
simulated shock compaction is realistic. We subsequently show that in low-intensity shock events, using materials
that replicate primordial matter more accurately, deformation of chondrules and compaction of porous matrix on the
scale of individual chondrules can provide indicators of shock direction and magnitude. These results have
significant implications for interpreting the chondritic meteorite record.

2. Methods

To investigate the dynamic compaction of primitive chondritic mixtures we performed a series of complementary
laboratory and numerical experiments. A suite of analog experiments was performed, using a single-stage, light-gas
gun, in which the compacted material was a mixture of silica powder and soda lime glass spheres. These materials
are readily available and good mechanical analogs of chondritic material. A set of mesoscale numerical simulations
was conducted to replicate and compare with these experiments. A further set of simulations extended the results of
the experiments by using material models, and set up, more appropriate for the chemical composition of early solar
system solids, and exploring higher shock pressure regimes.
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2.1. Analog experiments

Shock compaction of analog materials was conducted at the European Synchrotron Radiation Facility (ESRF)
using a light gas gun and was investigated in-situ using x-ray radiography [14]. The mixtures comprised of ~30
vol.% spherical Soda-Lime glass beads (analog to the chondrules), ~70 vol.% Sipernat silica powder (analog to the
matrix; grain size ~7 um, ~70% porosity; this varied between experiments) and had a bulk porosity of ~50%. Two
average glass bead sizes were used in separate sets of experiments: 196 um and 425 pm diameter. The experimental
apparatus was cylindrically symmetric and consisted of a polycarbonate sabot (25 mm thick, 12.7 mm diameter)
with a copper or polycarbonate flyer (2 mm x 12.7 mm) fixed to one end, which struck a polycarbonate driver (2
mm thick) at approximately 600 ms”. The driver carried a shockwave into the particle bed (4.4 mm x 9.8 mm
diameter), which was held by an aluminium shell (1 mm thick) with a PMMA backer on the rear end (6 mm x 10
mm diameter). Bulk shock and particle velocities were measured directly from the radiographs, respectively, by
comparing the shock front and driver/powder boundary positions in each radiograph to their initial positions and
dividing by the elapsed time [14].

2.2. Mesoscale modelling

The iISALE shock physics code [9-11] was used to simulate mesoscale planar impact experiments [7,8], in which
a shock wave was propagated through a chondrite-analog bimodal mixture of explicitly-resolved non-porous disks
(the chondrules) surrounded by high-porosity matrix. Due to the large difference in length-scales between
chondrules and pores in the matrix, matrix porosity was parameterised using the €-o porous-compaction model
[11,12]. Chondrules were placed with random sizes and spacing within the computational mesh until the desired
matrix-to-chondrule volume ratio was reached.

Two sets of simulations were run. The first set accurately replicated the plate impact experiments described above
and used the same experiment geometry, not including the aluminium container and PMMA window. The Mie-
Griineisen equation of state was used for all materials, including the solid component of the silica powder matrix.
Material parameters for polycarbonate, soda lime glass and silica were used to represent the sabot/driver, chondrules,
and matrix, respectively. Chondrule strength was treated as elastic-perfectly plastic, with a yield strength of 1 GPa.
Bulk matrix strength was described using a Drucker-Prager strength model, with a friction coefficient of 0.7 and a
cohesion of 0.01 MPa. Impact speeds ranging from v; = 100—1300 ms™ were used to generate a Hugoniot in U,— Uy
space.

In the second set of simulations, to provide a closer analog for chondritic parent bodies, the ANEOS equation of
state for forsterite [13] was used to describe the thermodynamic response of the chondrules and the solid component
of the matrix. A strength model appropriate for geologic materials [10] was used in these simulations. Chondrules
were assigned a high cohesive strength (1 GPa), and the porous matrix was very weak (cohesive strength of a few
kPa; friction coefficient of 0.6). Impact velocity was varied over the interval v; = 0.75-3 km/s; the initial matrix
volume fraction was varied from 30-80% and the initial matrix porosity was typically set to 70%, although some
simulations explored this parameter, ranging from 60-80%. The initial temperature was 300 K (changing the initial
temperature had a minimal effect on the temperature changes experienced by the material).

The forsterite simulations used a different experiment geometry compared to the silica simulations/experiments,
consistent with previous work [7,8]. In this case, the flyer plate (thickness 30 mm), driver plate (15 mm) and sample
plate (15 mm) all comprised the same material mixture. Beneath the sample plate, a buffer plate of length 20 mm
was included to allow the shock wave to pass through the bottom of the sample without reflecting or releasing. With
this geometry, a shock duration of around 20 — 30 ps is required in chondrite analog materials to allow the porosity,
pressure, and temperature in the shock wave to reach a steady state [8]. The long impactor was required to delay the
arrival of the release wave generated from its back edge until at least this time.

To track material histories, and thus record the peak- and post-shock state of the chondrules and matrix materials,
Lagrangian tracer particles were placed throughout the sample region of the computational mesh. Bulk material
properties were calculated from these tracer particles.
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2.3. Quantifying strain and chondrule deformation

For the forsterite simualtions, the displacement of the Langragian tracer particles was extracted from the model,
and used to quantify the strain of the material [15]. This is preferable to using the strain calculated as a cell-centered
quantity on the Eulerian grid: The Eulerian method has no knowledge of the material history as it moves through the
mesh, while Lagrangian tracers retain this information.

To calculate the tracer displacement, first a quadrilateral of nearest-neighbour tracers was found from the initial
timestep: for each tracer that ended up in a region of interest at the end of the calculation, its initial coordinates were
found (7, j), and then index of the closest tracers to the right (i+1, j), above (i, j+1) and diagonally above and to the
right (i+1, j+1) were found. Second, the positions of these four tracers were found at the final timestep, and the
displacement in the horizontal and vertical directions was calculated as the difference between the initial and final
timestep locations. Finally, the three components of the total accumulated strain (e, €yy, €xy) Were calculated from
the tracer locations and displacements using the method outlined in [15], from which an invariant measure of the
strain was also calculated.

To further quantify the amount of material deformation in the simulations, ellipses were fit to each chondrule in
the sample region after shock and release, using a direct least-squares fitting method, specific to ellipses [16], from
which the chondrule eccentricity and orientation were derived.

3. Results
3.1. Comparison of iISALE mesoscale models with shock compaction experiments

The bulk response of the two suites of numerical simulations, using large and small chondrules, was extracted in
Us-u, space (Fig 1). The two Hugoniot curves are in good agreement and do not differ significantly over the full
range of particle velocities, which suggests that chondrule size does not affect the bulk response. This is reinforced
by comparison of individual simulations, which show little difference in the positions of the shock front and
driver/powder interface at equivalent times (Fig 2, Fig 3). Chondrule size does, however, affect heterogeneity at the
shock front. Small-chondrule simulations display a ‘narrower’ shock front width (the difference between the
maximum and minimum shock position across the bed at a given time; solid cyan line) compared to the equivalent
large-chondrule simulations (Fig 2, Fig 3).
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Fig 1: Numerically modelled Hugoniots extracted from iSALE compared with values from experiments [14] in U — u, space for both large (~0.45
mm diameter) and small (~0.2 mm diameter) chondrules. Experimental error bars represent 95% of the distribution of velocity values that existed
in the shocked mixtures.
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Fig 2: Density plot of the full, large chondrule, particle bed, based on experimental work [14], 3.45 us after impact, for v; = 600 ms™ . The
driver/powder interface is denoted by the dashed white line, the shock front across the bed by the solid cyan line, and the average shock front by
the dashed black line; motion is down the image.
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Fig 3: Density plot of the full, small chondrule, particle bed based on experimental work [14], 3.45 us after impact, for v; = 600 ms™ . The
driver/powder interface is denoted by the dashed white line, the shock front across the bed by the solid cyan line, and the average shock front by
the dashed black line; motion is down the image.

The model and experimental results [14] compare favourably in Us-u, space (Fig 1). The model Hugoniot curves
lie within experimental uncertainty but exhibit marginally higher shock speeds owing to the lack of lateral release in
the simulations. Lateral release did not occur in the simulations because they did not resolve the full experimental
geometry and only considered a central column of the experiment and used ‘open’ boundary conditions on the edges
of the simulation. However, at high u, there is a large difference between the model and experimental results.
Analysis of the radiographs showed that this was because of non-uniform chondrule arrangements in some
experiments, where the soda-lime spheres had ‘bunched’ at the impact surface of the sample [14]. The high density
of soda-lime spheres produced a much faster shock through the mixture in that region. Overall, the good agreement
of the modeled bulk response with the experimental data suggests that the mesoscale modeling approach is correctly
capturing the compaction behavior in the analog chondritic mixtures.

3.2. Mesoscale response to shock of bimodal forsterite mixtures

The subsequent mesoscale simulations that used forsterite mixtures reveal mesoscale information about shock
response that is not yet measurable in physical experiments. The results show how the pressure, temperature and
porosity vary on the scale of individual chondrules (mm-scale) [7]. In all impact scenarios, there are large
differences in the temperatures of the chondrules and matrix. For example, in a 2.0 kms™ impact into a 70%
forsterite matrix precursor with a matrix porosity of 70%, the chondrule peak pressure was ~ 7 GPa (a pressure not-
easily detected in typical petrographic studies [3,5]). However, even at these low pressures, the matrix experienced a
temperature increase (AT) of 800K (Fig 4a), while chondrules were virtually unheated (AT = 70 K). Significant
pressure (up to 10 GPa) and temperature (> 1000 K) heterogeneities are observed over short length scales (10—100
pum). This is consistent with temperature maps produced from CR2 chondrite GRA 06100 using FIB-TEM analysis
[7]. Final bulk properties (matrix abundance, porosity) are consistent with typical chondrites [8].
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Compaction of matrix porosity is also heterogencous: “shadow zones” on the lee side of chondrules exhibited
less compaction of pore space than other regions of matrix (Fig 4b). The initial simulations appear to exhibit some
faint evidence of this mesoscale feature as well (Fig 2, Fig 3). This suggests that further analysis of porosity
distributions in chondrite matrices could be used as an indicator for shock direction.
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Fig 4: Final temperature (a) and porosity (b) distribution in a section of the sample material 30 ps after impact. Material started at 300K, and the
matrix had an initial porosity of 70%.
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Fig 5: Accumulated total strain in simulations with three different velocities. Note that the matrix strain is highest near the chondrule rims.
Deformation of the chondrules increases with increasing velocity, but is still small compared to the matrix

3.3. Strain

Using Lagrangian tracer particle positions, material strain was determined. The strain calculated here is a bulk
strain, which in the matrix is a combination of the compaction of pore space and the strain in matrix grains. Strain in
both the chondrules and the matrix increases with increasing impact velocity. The strain in the matrix is found to be
much higher than in the chondrules, even at higher velocities (2 km s™') where the chondrules have been deformed
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(Fig 5). Strain in the matrix is higher in the areas near chondrule rims. This was found to be in good qualitative
agreement with strain calculated from Electron Backscatter Diffraction (EBSD) maps of the CV carbonaceous
chondrite meteorite, Allende [17,18]. Eccentric and asymmetric strain shadows in the matrix may provide another
shock-direction indicator.

3.4. Chondrule deformation

All chondrules in the sample region were fitted by ellipses [16]; for each ellipse, the eccentricity and orientation
of the semi-major axis (relative to the shock propagation direction) were determined. Fig 6 shows the eccentricities
and orientations of all ellipses calculated from simulations over a range of velocities (0.75, 1.0, 1.5, 2.0 and 2.5
kms™).
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Fig 6: Box-and-whisker plots of (a) the eccentricity of post-shock chondrule shapes and (b) the ellipse orientation, as a function of velocity.
Boxes extend from the lower to upper quartile. The orange line shows the median value. Whiskers extend to 1.5 times the inter-quartile range and
black ‘+’ symbols show data points outside that range. Ellipse orientation defines the angle between the ellipse semi-minor axis and the direction
of shock propagation.

Chondrule eccentricity increases with increasing velocity. For v; < 1 km s, eccentricity is low (~0.1), and any
elliptical chondrules are randomly oriented (since they are near-circular). At v; > 1.5 km s™', the eccentricity
increases (i.e. the chondrules have been flattened by the shock), and the range in orientation angles narrows; this
shows that most chondrules have been preferentially flattened along an axis parallel to the shock propagation
direction. Note that at v; = 2.5 km s'l, there is a small increase in the range of chondrule orientations; we attribute
this to an increase in chondrule-chondrule collisions during shock compaction, leading to rotation of the chondrules
after being flattened by the shock.

We note that the exact amount of chondrule deformation will depend on the assumed strength of the chondrules
(in these simulations, Ye,ona = 1GPa). Therefore, the transition from circular (spherical) to elliptical (oblate)
chondrules will also vary with this strength; future shock compaction experiments could help to calibrate this for use
as a shock magnitude indicator, and thus allow it to be used to derive an approximate shock pressure from
chondrule-scale deformations.

4. Conclusions

Good agreement in bulk material response between mesoscale simulations and analog shock experiments
provides evidence that our mesoscale approach correctly simulates the heterogeneous compaction of bimodal porous
silica mixtures. Using more realistic analogs of primitive meteoritic material, our mesoscale compaction models are
consistent with a range of meteoritic evidence, which suggests that chondritic meteorites, even those previously
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labelled as unshocked or weakly shocked, may have undergone impact-induced compaction. The transient heating of
matrix induced by low-intensity shock events would have led to lithification of primordial materials, and offers an
alternative to compaction driven by hydrothermal alteration or lithostatic pressure.

Mesoscale modelling has revealed several potential shock-direction indicators:

* Compaction of porosity in the matrix on the lee-side of chondrules is lower than elsewhere in the
surrounding matrix.

* Strain appears to be asymmetrically distributed around chondrules.

* Chondrules are flattened in the direction of shock propagation above a certain shock pressure (dependent
on the chondrule strength). In the simulations presented here which assume a chondrule strength of 1 GPa,
this occurs at an impact speed of ~1.5 km s™'. Once flattened, chondrules tend to align their semi-minor axis
along the direction of the shock wave propagation.

Further calibration of these indicators may provide an estimation of the direction and intensity of the shock to aid
interpretation of meteoritic samples.
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