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ABSTRACT

Shock-darkening, the melting of metals and iron sulfides into a network of veins within silicate grains, altering
reflectance spectra of meteorites, was previously studied using shock physics mesoscale modeling. Melting of
iron sulfides embedded in olivine was observed at pressures of 40-50 GPa. This pressure range is at the transition
between shock stage 5 (C—S5) and 6 (C—S6) of the shock metamorphism classification in ordinary and enstatite
chondrites. To better characterize C—S5 and C—S6 with a mesoscale modeling approach and assess post-shock
heating and melting, we used multi-phase (i.e. olivine/enstatite, troilite, iron, pores, and plagioclase) meshes
with realistic configurations of grains. We carried out a systematic study of shock compression in ordinary and
enstatite chondrites at pressures between 30 and 70 GPa. To setup mesoscale sample meshes with realistic si-
licate, metal, iron sulfide, and open pore shapes, we converted backscattered electron microscope images of
three chondrites. The resolved macroporosity in meshes was 3-6%. Transition from shock C—S5 to C—S6 was
observed through (1) the melting of troilite above 40 GPa with melt fractions of ~0.7-0.9 at 70 GPa, (2) the
melting of olivine and iron above 50 GPa with melt fraction of ~0.001 and 0.012, respectively, at 70 GPa, and
(3) the melting of plagioclase above 30 GPa (melt fraction of 1, at 55 GPa). Post-shock temperatures varied from
~540K at 30 GPa to ~1300K at 70 GPa. We also constructed models with increased porosity up to 15% por-
osity, producing higher post-shock temperatures (~800K increase) and melt fractions (~0.12 increase) in oli-
vine. Additionally we constructed a pre-heated model to observe post-shock heating and melting during thermal
metamorphism. This model presented similar results (melting) at pressures 10-15 GPa lower compared to the
room temperature models. Finally, we demonstrated dependence of post-shock heating and melting on the or-
ientation of open cracks relative to the shock wave front. In conclusion, the modeled melting and post-shock
heating of individual phases were mostly consistent with the current shock classification scheme (Stoffler et al.,
1991, 2018).

1. Introduction

2017), which exhibits three distinct lithologies: a light-colored li-
thology (shock stage 4, C—S4, Stoffler et al., 1991), a dark-colored li-

The partial melting of opaque iron sulfides and FeNi metals (re-
ferred as ‘metals’ in following text), migrating into silicate cracks, and
the darkening of the lithology, has been subject to several studies
(Heymann, 1967; Britt et al., 1989; Britt and Pieters, 1989, 1994; Keil
et al., 1992; Kohout et al., 2014; Moreau et al., 2017, 2018). This so-
called shock-darkening effect is well observed in the impact breccia of
the Chelyabinsk LL5 chondrite (Kohout et al., 2014; Trieloff et al.,
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thology (shock-darkened, starting from ~40 GPa, Moreau et al., 2017),
and an impact-melt lithology (dark, C—S7). Shock-darkening is also
characterized by the presence of localized mixed melt veins or pockets
of silicates, metals and iron sulfides (Stoffler et al., 1991, 2018) and is
related to shock metamorphism (e.g. Stoffler et al., 1991, 2018; Rubin
et al., 1997; Fritz et al., 2017; Bischoff et al., 2018) as described in
Rubin (1992), Bennett and McSween (1996), or Wang et al. (2011).
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Shock-darkening in ordinary chondrites, as we refer to it in this
work, is not the only darkening effect. Partial, or whole-rock melting,
and shock veins (both characterized by the presence of micron-sized
metal and iron sulfide droplets mixed within the silicate melt) are other
mechanisms for darkening ordinary chondrites (Britt and Pieters, 1994;
Kring et al., 1996; Sharp et al., 2015; Schmieder et al., 2016). Space
weathering, as nanoparticulate iron produced by solar wind irradiation
on surface of asteroids, is also a darkening effect (Clark et al., 2002).
However, the latter only affects the surface of asteroids (regolith)
whereas shock can affect larger volumes of material. Shock-darkening
and whole-rock melting in ordinary chondrites strongly affect the re-
flectance spectra of meteorites (as seen in the Chelyabinsk LL5 chon-
drite, Kohout et al., 2014 and references therein) by suppressing the 1
and 2 pm silicate absorption bands in spectra. Because classification of
asteroids is based on reflectance spectra (DeMeo et al., 2009; DeMeo
and Carry, 2014), detection of S-complex asteroids (with spectra
showing the 1 and 2 micron silicate absorption bands, and hosting or-
dinary chondrites) could be more difficult. Indeed, darkened S-complex
asteroids will possess spectra similar to those of C-complex asteroids
(flat spectra devoid of the 1 and 2 pm silicate absorption bands, DeMeo
et al., 2009).

To add to the current study of shock-darkening (spreading of metals
and iron sulfides in veins, Kohout et al., 2014, Moreau et al., 2017,
2018), we will link our work to shock metamorphism. In the pro-
gressive shock metamorphism of ordinary chondrites, the seven shock
stages (C—S1 to C—S7) are based on the modification of the crystal
structure of rock-forming minerals: fracturing, lattice deformations and
the localized observations of melt pockets and veins. Shock-darkening
mostly occurs at conditions characterized by C—S5 and C—S6
(~30-75 GPa), but it can also occur with reduced intensity at C—S3 and
C—S4 (~5-30 GPa) (Rubin, 1992; Bennett and McSween, 1996; Rubin
et al., 1997; Schmitt, 2000; Wang et al., 2011). The criterion for shock
C—S5 (35-45 GPa), as defined by Stoffler et al. (1991, 2018), is the
presence of maskelynite glass (Stoffler et al., 1986, Chen and El Goresy,
2000, Stoffler, 2000 and references therein; amorphous plagioclase,
Jaret et al., 2015) and strong mosaicism in olivine. C—S6 (55-75 GPa) is
marked by the occurrence of plagioclase-composition shock-melted
diaplectic glass (Fritz et al., 2017) and abundant melt pockets, veins, or
dikes. Whole-rock melt (C—S7) succeeds C—S6 at the ~75-90 GPa
transition. Experiments aiming to observe the aftermath of shock
compression on fresh samples of meteorites have also been carried out
(e.g. Schmitt, 2000; Xie and Chen, 2016) and several studies used shock
physics numerical modeling to study effects of shock compression in
meteorites (e.g. uncompacted chondrites, Bland et al., 2014, Davison
et al., 2016, 2017; thermally metamorphosed ordinary chondrites,
Moreau et al., 2017, 2018). Numerical modeling is useful to study high
shock pressure effects, because shock experiments are difficult to in-
terpret in terms of melting and post-shock heating, owing to experi-
mental setup limitations (e.g. the reverberation technique subject to
superposed shock waves, Langenhorst and Deutsch, 1994; Langenhorst
and Hornemann, 2005), and no direct observation of the pressure and
temperature distribution after shock is possible at the mm-scale.

As no detailed numerical modeling study exists, illustrating shock
effects encompassing C—S5 and C—S6 in ordinary chondrites, we
decided to focus on this transition in detail. In a recent systematic study
(Moreau et al., 2017), using shock physics numerical modeling in or-
dinary chondrites, we determined the 40-50 GPa pressure range which
is marked by the exclusive melting of iron sulfides. In another study
(Moreau et al., 2018), we observed shock wave propagation effects on
assemblages of iron sulfides and metals at 45 GPa and concluded that
metals are not the main agent of shock-darkening because the melting
of metals is only possible in specific configurations of grains in eutectic
mixtures. However, in Moreau et al. (2017), we lacked good approx-
imation of silicates, metals and whole sample melting and post-shock
heating to study shock metamorphism in more details. Also, in Moreau
et al. (2017), our models provided rounded iron and troilite grains in an
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olivine matrix devoid of open pores; this configuration of grains did not
accurately reflect the real petro-fabric of ordinary chondrites.

We aim to build on these partial results and resolve shock com-
pression in ordinary and enstatite chondrites, with higher fidelity.
Using realistic numerical samples converted from backscattered elec-
tron microscope images (BSE) of meteorite thin sections, we will carry
out a systematic study in the 30-70 GPa range. This pressure range is
characteristic of the transition from C—S5 and C—S6. The numerical
samples include silicates (olivine/pyroxene, plagioclase), metals (iron)
and iron sulfides (troilite) using a single approach of eutectic mixtures
and open pores. We propose to observe and illustrate:

1. The melting and post-shock heating of individual phases and bulk
composition (i.e. modal average of all phases, without the fraction
of open pores).

2. The localized effects of pore crushing, and closure of large cracks.

3. The effect of porosity (applied to silicates) on bulk melting and
shock-darkening.

4. The effect of pre-heating (Schmitt, 2000) on post-shock heating and
melting, during impact events in thermally metamorphosed mate-
rials of the parent body.

5. The melting features observed in troilite, olivine and iron.

By default, we limit our models to three mineral phases (i.e. olivine,
iron, and troilite) and open pores, thus reducing numerical inaccuracies
in shock wave interactions. Hence, we provide only a first-order esti-
mate for the observation of plagioclase melting in a dedicated model.
Because of its low abundance in ordinary chondrites (~10vol%,
Hutchison, 2007) plagioclase will contribute only to a small fraction of
post-shock heating and melting and does not affect shock-darke-
ning—the metal and iron sulfide darkening veins, although they do not
penetrate plagioclase glass, predominantly spread between other sili-
cate cracks (Moreau, 2019). Furthermore, our modeling cannot resolve
the occurrence of maskelynite (formation range, 25-40 GPa, anti-cor-
related to the Ca concentration and dependent on shock duration and
phase equilibration; Gibbons and Ahrens, 1977, Stoffler et al., 1991,
2018; Wang and Chen, 2006, Tomioka et al., 2010, Rubin, 2015),
whose nature and formation is still not well understood (Chen and El
Goresy, 2000; Jaret et al., 2015). However, plagioclase serves as a good
marker for the transition from C—S5 to C—S6 in optical microscopy
studies.

With these observations, we will illustrate the transition from C—S5
to C—S6 in a novel way. We will compare our results with observations
of shock metamorphism, which include shock experiments (e.g.
Schmitt, 2000; Kohout et al., 2018). Some of the drawbacks of our
approach are the absence of brittle fracturing, lattice deformation, heat
transfer, and migration of melt necessary for shock-darkening (Tomkins
et al., 2013). We will not include other phases than those mentioned
above. Frictional heating (Stoffler et al., 1991; van der Bogert et al.,
2003) will not be investigated here (see Section 4.2 in Moreau et al.,
2018). Heat diffusion will only be briefly discussed.

2. Methods

To study shock-compression of heterogeneous materials including
partial melting and post-shock heating associated with shock entropy,
shock wave interactions, and the effects of localized heating (hotspots)
from pore crushing (Giildemeister et al., 2013), we used the iSALE-2D
shock physics code (Wiinnemann et al., 2006). The iSALE-2D code is
based on the SALE hydrocode solution algorithm (Amsden et al., 1980).
To simulate hypervelocity impact processes in solid materials, SALE has
been modified to include an elastic-plastic constitutive model, frag-
mentation models, various equations of state (EoS), and multiple ma-
terials (Melosh et al., 1992; Ivanov et al., 1997). More recent im-
provements include a modified strength model (Collins et al., 2004) and
a porosity compaction model (Wiinnemann et al., 2006; Collins et al.,
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Table 1
Mesoscale setup parameters.
Width (cells)” 800
Height (cells)
Flyer plate 800
Buffer plate (top)” 160
Sample plate® 800
Buffer plate (bottom) 480
Cell size (um) 1-2
Boundary conditions
Top, bottom’ Outflow
Sides Freeslip
Time parameters
Virtual modeling time (sec) 0.5%107°
Modeling step (sec) 1.5%10°*°
Saved interval step (sec)® 0.2%1078
Total saved time steps 250
Tracer movement algorithm material

@ The general width/height are adapted in one models.

b The nominal pressure is recorded from that buffer.

¢ The bitmap files are inserted in that layer and have same size
as layer.

4 The size of the bottom buffer plate ensures the sample does
not exit the model.

€ 0.18+10~ % and 277 saved steps for Al-albite model.

2011).

The approach we used in this work was similar to that used in
previous studies (e.g. Crawford et al., 2003; Ivanov, 2005; Riedel et al.,
2008; Borg and Chhabildas, 2011; Giildemeister et al., 2013; Bland
et al., 2014; Davison et al., 2016, 2017; Moreau et al., 2017, 2018). In a
mm-scale (mesoscale) planar 2-D Eulerian frame of reference (Collins
et al., 2012), we generated a planar shock wave by impacting an olivine
flyer plate (analogous to shock recovery experiments; e.g. Langenhorst
and Deutsch, 1994, Langenhorst and Hornemann, 2005) on top of a
series of olivine layers: a buffer plate, a sample plate created from BSE
images (see the Supplementary material for details on the conversion),
and a secondary buffer plate. Parameters of the optimal mesoscale setup
are given in Table 1, for this work. In contrast to Moreau et al. (2018)
we did not apply cylindrical symmetry (because of heterogeneous dis-
tribution and shape of the phases) to approach a 3-D-like modeling.
However, the effects of cylindrical geometry on the post-shock heating
and melting have been tested and were minimal for this work (see
Supplementary material).

2.1. Materials and thin sections

The major components used in the mesoscale models (with all me-
chanical and thermal parameters adapted from Moreau et al., 2017,
2018) were:

1. Mg-rich olivine (forsterite, using the Analytical Equations of State,
ANEOS) as the coarse-grained matrix material. We applied melting
temperatures equivalent to the fraction of fayalite (1980-2042K),
or iron content, found in the Mg-rich olivine in ordinary chondrites.
We used the same heat capacities integration and heat of fusion
(909 kJkg™!) at the melting point for all modeled ordinary chon-
drite types. For the enstatite chondrite, we used the olivine ANEOS
for simulating the Mg-rich pyroxene, enstatite (which possesses the
same shock mechanical properties as olivine, Moreau et al., 2017), a
650 kJ kg’1 heat of fusion (Hirschmann et al., 1998) and the heat
capacities of olivine as they are close to those of enstatite (Krupka
et al., 1985). We adapted the lower melting temperature of enstatite
(1832K).

2. Iron (using the ANEOS) to represent the FeNi alloy found in me-
teorites (1811 K melting point, 292 kJ kg~ ! heat of fusion).

3. Troilite (using the pyrrhotite-based Tillotson equations of state,
Moreau et al., 2017) to represent the iron sulfide phase (1463 K
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Fig. 1. Chosen backscattered electron (BSE) microscope images of Annama H5
(a,b), Neuschwanstein EL6 (c, d), and Chelyabinsk LL5 (e) chondrite thin sec-
tions for the modeling. The brightness decreases from metal along troilite,
olivine/pyroxene, plagioclase, down to pore space. Images c) and d) resolve
only metal, troilite, and enstatite (no cracks/pores implemented in the re-
spective models).

melting point, 368 kJ kg~ ' heat of fusion).

4. The eutectic mixtures of iron and troilite, if present (Moreau et al.,
2018). We distinguished eutectic materials from the main compo-
nents within Lagrangian tracers (see the Supplementary material for
the criteria in detecting eutectics from the BSE images).

5. Empty pores — to this fraction of empty space in the mesh we
adapted the silicate porosity to attain the meteorite porosity.

6. Albite to represent plagioclase. Albitic plagioclase in ordinary
chondrites is defined as < Anyy, (Van Schmus and Ribbe, 1968;
Schmitt, 2000; Kovach and Jones, 2010). We used the albite Til-
lotson equations of state (Moreau et al., 2018, a 1430 K melting
point, and 243kJ kg~ ! heat of fusion).

We used the same strength properties as those found in Moreau
et al. (2018) for olivine, iron, troilite, and plagioclase with thermal
softening. Other specific material modeling parameters, unless speci-
fied, are taken from Moreau et al. (2017, 2018).

The BSE images (Fig. 1) we used to characterize the materials re-
presented ordinary and enstatite chondrites. The images were obtained
using FEG-SEM Tescan MIRA GMU (CGS, Prague) equipped with Ro-
binson-type BSE detector; the imaging conditions used were following:
15kV accelerating voltage, 3 nA beam current. Scaling details of images
can be found in the Supplementary material. The chosen chondrites
were:
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Table 2
Models and modal distribution of the phases.
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Model Size (cells) Scale (um/cell) Yoolivine Dotivine” Yopores Yorron Yorron-eutectic Yorroilite Yorroilite-eutectic
A1°¢ 800 x 800 1.53 84.25 3.41 213 7.65 0.44 5.11 0.42
A2 800 x 800 1.89 86.16 3.33 2.13 5.21 0.39 5.72 0.39
N1 800 x 800 1.34 79.27 3.78 0.00 12.80 1.23 5.69 1.01
N2 800 x 800 1.17 82.39 3.64 0.00 6.26 0.44 10.44 0.47
Cl 600 x 562 1.00 95.11 2.86 3.28 0.50 0.12 0.88 0.12
Al-albite 800 x 800 1.53 74.33¢ 4.08° 1.54 7.63 0.47 5.12 0.44

2 The total of all materials may not equal to 100%, values are rounded from the total amount of cells (e.g. 640,000 cells).

b Total porosities of the models are given in the text.

¢ This model will also be applied 10% porosity, 15% porosity, and 920 K pre-heating at 10% porosity.

410.48% of plagioclase in the sample plate.
¢ Same porosity applied in plagioclase.

1. Annama H5 ordinary chondrite, 8% porosity (Kohout et al., 2017),
Fog; 4 olivine composition, 2 models (Al and A2, from Fig. 1a/b).
Neuschwanstein EL6 enstatite chondrite (Russell et al., 2003), ~4%
porosity (Kohout et al., 2010) dominated by enstatite silicate and
high abundance of FeNi metals and iron sulfides, 2 models (N1 and
N2, from Fig. 1c/d). The melting temperature of the eutectic mix-
tures was taken directly from Mare et al. (2014) without con-
sideration of the Ni content of metals. The generated sample plates
did not display open pores due to the low total porosity of the
meteorite and under-resolved porosity in the BSE images.

. Chelyabinsk LL5 ordinary chondrite (Kohout et al., 2014), 6% por-
osity, Fo,5 olivine composition, one model (C1, from Fig. 1e). The
porosity is well resolved in the BSE image and it offers an oppor-
tunity to observe more post-shock heating effects from crack clo-
sure. It is worth noticing that some cracks in the BSE images may
result from sample preparation. The chosen BSE image is that of a
light-colored lithology clast of the Chelyabinsk meteorite (Kohout
et al., 2014).

2.

We have compiled the characteristics of the converted images to
sample plates in Table 2, showing the model names, mesh para-
metrizations, and fractions of materials. In the BSE images, we ignored
other phases such as chromite, phosphate and other phases that we
converted to the principal phases. Because a single thin section does not
represent the exact modal composition of a meteorite, these simplifi-
cations were trivial. We applied an initial porosity of 5%, rather than
8%, in the A1 and A2 models, because in Al, the porosity is enhanced to
10% and 15% to complete a systematic porosity study. We also applied
a 3% total porosity in the N1 and N2 models, consistent with the
average porosity of enstatite chondrite falls (Macke et al., 2010).

2.2. Post-shock temperatures and melting

In Moreau et al. (2018) we detailed the method to assess the post-
shock temperature and melt fraction o of a given phase. We briefly
describe the method here.

For assessing melting, we used peak shock pressures recorded in
tracers (Wiinnemann et al., 2008; Moreau et al., 2017, 2018); we paid
attention to account for reflections by taking the mean of all peak shock
pressures recorded by tracers through the modeling time (reverberation
effect). Post-shock temperatures and melt fractions were assessed from
the combination of heat capacity integration, within the range of
temperatures to the melting point, heat of fusion, and the total shock
and release specific energy at a given peak shock pressure (Moreau
et al., 2017, 2018). Absolute values of post-shock temperatures are used
to quantify post-shock heating.

In the presence of an iron-troilite eutectic mixture, we used sim-
plified thermal properties with melting temperature and heat of fusion
assigned to each ordinary chondrite type based on its nickel content
(high to low Ni contents, LL-H, 1201-1256 K, 270-294 kJ kg_l, Mare
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et al., 2014, Tomkins, 2009). The melting temperature of the eutectic
mixtures varies according to the Fe/S ratio. However, because of the
highly heterogeneous distribution of post-shock temperatures (Moreau
et al.,, 2017, 2018) and the absence of heat diffusion (important in
melting metals and iron sulfides, Tomkins, 2009, Tomkins et al., 2013),
we considered the eutectic equivalent to 31.6 Wt% S (Mare et al.,
2014), applying the same individual melting temperature to iron and
troilite in the mixtures.

To categorize our results, we used the nominal pressure as a marker.
The nominal pressure is the pressure recorded in the pure olivine buffer
above the sample and allows us to compare our results with the shock
classification based on the pressure in pure olivine (Stoffler et al., 1991,
2018).

2.3. Porosity

In each model we applied the porosity by considering two parts.
First, we introduced the resolved porosity from BSE images as resolved
pores in the mesh. Secondly, we distributed any additional remaining
unresolved porosity up to the total value of the model porosity in the
olivine/enstatite, using the e—~a compaction model (Wiinnemann et al.,
2006; Collins et al., 2011); all parameters can be found in Moreau et al.
(2017, 2018). If plagioclase is present in the model, the porosity is
applied to both olivine and plagioclase. In this work, the additional
heating of the plastic work due to pore crushing is omitted from the
post-shock temperature assessment — but not from the peak tempera-
tures recorded by iSALE. We give more insight on melting at the peak of
the shock (peak temperatures) in the Supplementary material.

2.4. Resolution

Because grains in the meshes varied as a function of the number of
constitutive cells, we carried out resolution tests on rounded grains
from 3 to 126 cells per grain radius (CPGR) with a fixed cell size of
1 um. Results for the peak shock pressures and melt fractions are shown
in Fig. 2 at a nominal pressure of 45GPa. The 3 CPGR grain only
showed a difference of 10% in pressures (and post-shock temperatures)
compared to the 126 CPGR grain. The melt fraction seemed to depend
more on the resolution because grains with more constitutive cells
better displayed very localized heating and shock wave effects (Moreau
et al., 2018). These variations were independent of the chosen cell size;
the values of the 96 CPGR grain for 1, 1.5, and 2 um cells did not show
large variations (< ~0.01% in pressure and temperature; < 10% in
melt fraction in the very localized melt zone which contributed only to
~3% of the grains). Because there were only a small number of grains
with <6 CPGR (e.g., in one chosen thin section, < 0.6% of troilite
grains <6 CPGR were present in the whole sample plate), we con-
sidered the relative errors of the final results to be minimal and dis-
regarded the presence of under-resolved grains.

To test further this approach of resolution, we removed all <6
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Fig. 2. Resolution tests on rounded particles at different cells per grain radius
CPGR numbers (fixed cell size of 1 um) with a) average peak shock pressures
and b) melt fractions a. The grain sizes vary from 6 to 252 um in diameter. The
tests showed equivalent results (with minimal errors) using cell sizes of 1.5 or
2 um.

CPRG grains in one model and the results only varied by < 1%. We also
tried to smooth the grain edges, using ellipsoidal grains, and obtained
very similar results to the original model (see Supplementary material).
We, thus, accept that the resolution present in our work does not impair
the general results, which will depend mostly on bigger and better re-
solved grains. This applies also for the pores. In the model including
plagioclase, we deleted very irregular plagioclase grains when they had
very few cells, as treating > 2 or 3 phases is usually not recommended
in mesoscale modeling.

3. Results

For each model, we ran a series of 10 simulations at nominal
pressures between 40 and 70 GPa. We carried out four more series of
models using model Al with 10% porosity, 15% porosity, and initial
temperature of 920 K with 10% porosity (consistent with Schmitt, 2000
and the 9% porosity Kernouvé meteorite and 920 K pre-heating). Also,
we simulated a model similar to Al, labeled Al-albite, including the
plagioclase phase, albite (Table 2), and starting the systematic study at
30 GPa. All models, and Al porosity/pre-heating variants, display dif-
ferent sets of nominal pressures due to the e-o compaction model and
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thermal softening in olivine in the layers.
We provide a series of figures and tables compiling the main results:

1. In Figs. 3, 4, 5 and 6, we provide mapping for the materials, peak
shock pressures, post-shock temperatures, and melt fractions at
~55 GPa nominal pressure (~50 GPa for Fig. 6) of Al and A2, N1
and N2, C1, and Al-albite, respectively. Snapshots of post-shock
temperatures and melt fractions are arbitrarily shown right after
compression. Several areas of interest are annotated for further
discussion.

2. The detailed results from all models are compiled in separate tables
in the Supplementary material document (Tables A1-A9). The tables
list the following values for the individual materials and the bulk:
nominal pressure (Py, GPa), peak shock pressure (P, GPa), post-
shock temperature (T, K), amount of material that started to melt
(m, %), and melt fraction a. Some values are given standard de-
viations to provide a measure of the heterogeneity of the results. All
results presented in this work are given for the original area of
tracers (mass weighted averages), excluding the pore fraction and
the compressive state shown in some figures.

3. For all models, in Fig. 7, we compile melt fractions of the individual
phases and bulk (Fig. 7a—d), and bulk peak shock pressures and post
shock temperatures (Fig. 7e/f) as a function of the nominal pressure.
In Fig. 8 we differentiate eutectic and non-eutectic melting for
troilite and iron in models Al and N1.

3.1. Post-shock heating and melting

Each phase (except for the pre-heated and porosity enhanced
models Al, and Al-albite) shows the following:

1. Troilite started to melt below 40 GPa of nominal pressure (Fig. 7a)
and below 68 GPa the melt fractions a progressively reached values
between 0.7 and 0.9. The Neuchwanstein models N1 and N2 dis-
played the highest variation in troilite melting (Fig. 7a). This can be
explained by the fact that the troilite is not homogeneously dis-
tributed in the Neuschwanstein models resulting in a factor of two
difference in troilite abundance between the two models. In eutectic
melting (Fig. 8a), troilite started to melt below 40 GPa with a higher
observed melt fraction o compared to the non-eutectic phase, be-
cause of lower melting temperatures. At the highest nominal pres-
sure of ~68 GPa, the recorded averaged post-shock temperatures in
troilite were lowest in C1 (1555K) and highest in N1 (1775K).

2. Iron showed effective melting only from 50 GPa (Fig. 7b), with the
strongest excursions to higher melt values in N1 and C1. However,
the melting was mostly related to the eutectic iron (see Fig. 8b) due
to the lower melting temperature of the eutectic. In any case, the
iron melt fraction a remained very low compared to troilite. At the
highest nominal pressure of ~68 GPa, the recorded averaged post-
shock temperatures in iron were lowest in C1 (1090 K) and highest
in A2 (1140K).

3. Olivine (enstatite in N1 and N2) started to melt at ~50 GPa with low
values of melt fraction a equivalent to iron values (Fig. 7c)—this is
dependent on the fraction of iron material. The most efficient
melting of enstatite in N1 is not only explained by the lower melting
temperature of enstatite but also by external factors that will be
discussed below—no specific excursion of melting was observed in
N2 for enstatite. At the highest nominal pressure of ~68 GPa, the
recorded averaged post-shock temperatures in olivine (enstatite)
were lowest in C1 (1080 K) and highest in N1 (1303 K).

4. Melting of the bulk was progressive (Fig. 7d) from 40 GPa up, but
very dependent on the individual phases (mostly troilite). The melt
fraction reached a maximum value of 0.09 in N1 with 13.2% of the
material at the melting point at 68 GPa nominal pressure. In the
40-70 GPa range, recorded bulk post-shock temperatures ranged
from ~600-700K to ~1100-1300 K.
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Fig. 3. Model snapshots from Al and A2 shocked at 55 GPa nominal pressure, depicting the sample plates (a, e), the recorded peak shock pressures (b, f), the post-
shock temperatures (c, g) and the melt fractions a (d, h). The sample plate and peak shock pressure panels are shown in an uncompressed state. The other panels are
shown in a compressed state right before release. Annotations above dashed circles or dots show areas of interest. The graduations are in millimeters.

3.2. Porosity effect due to changes of impedance with the more porous olivine. At

~67 GPa, the olivine melt fraction varied from 0.01 at 5% porosity to

Differences in the above-mentioned trends were observed in Al, 0.12 at 15% porosity, and the bulk melt fraction and post-shock tem-

with enhanced porosities of 10% and 15% for olivine. Heating and perature values shifted accordingly from 0.05 and 1168 K at 5% por-
melting of olivine increased with porosity at same (nominal) pressures. osity to 0.15 and 1860 K at 15% porosity.

We observed the same trend, to a lower degree, with iron and troilite
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shock temperatures (c, g) and the melt fractions a (d, h). Melting temperature of enstatite was used for these models.

3.3. Pre-heating effect 1. iron started to melt at pressures ~15 GPa lower than those in the
non pre-heated model. At ~66 GPa, the non-eutectic iron melt

In the 920K pre-heated model Al at 10% porosity, melting for all fraction reached a value of 0.019 in the pre-heated model.
phases occurred at lower pressures (see Fig. 9). Comparing with Al at 2. troilite started to melt at 38 GPa with a melt fraction of 0.27, and
10% porosity, the results are: complete melting was achieved starting at 53 GPa (melt fraction: 1)

in the pre-heated model; in the original model, troilite only reached
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a melt fraction of 0.79 at ~67 GPa.

. at ~66 GPa in the pre-heated model, the melt fraction of olivine
shifted from a value of 0.03 in the original model to 0.11 in the pre-
heated model.

Icarus 332 (2019) 50-65

temperatures (~500K) is smaller than the rise in temperature,
293K to 920K (> 600K), from pre-heating the model. This differ-
ence is explained by the integration of heat capacities taken from
920K, and not 293K, and the related shock entropy (see Moreau

et al., 2018 and references therein). Peak shock pressures are little
affected in the pre-heated model compared to the original model.

4. pre-heating the model doubled the melt fraction for the bulk at
~66 GPa, from 0.07 to 0.15, with an increase of ~500K in post-
shock temperatures. The computed difference in post-shock
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Fig. 7. Melt fractions a for: a) troilite, b) iron, c) olivine and plagioclase, and d) the bulk composition; peak shock pressures and post-shock temperatures of e,f) the
bulk composition—for all models at the 40-70 GPa nominal pressure range. The stars are values from Schmitt (2000), which represent: the percentage of molten
areas identified in a shocked sample (Kernouve H6 chondrite) for any melt containing a mixture of metals, iron sulfides, and silicates, and related post-shock
temperatures; and values from Xie and Chen (2016). For Xie and Chen (2016) data, the nominal pressures we used are the initial pressures in their shock-recovery
experiments. Graphic d) has a logarithm scale. The results for model Al-albite are displayed only in graphics c), insert, d), and f), because the model values overlap
with model Al in some graphics.
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3.4. Plagioclase

Finally, there are the following differences in the results of the
Annama model that included plagioclase (Al-albite). The bulk post-
shock temperatures are higher for Al-albite due to the very high post-
shock temperatures recorded in plagioclase (from ~1000 K at ~30 GPa
nominal pressure to ~2500K at ~64 GPa). Thus, with the fraction of
plagioclase present in the model, at ~63-64 GPa, the post-shock tem-
perature is > 200 K higher than in Al. Plagioclase starts to melt, prior
to other phases, at ~30 GPa with a 0.01 melt fraction and complete
melting at ~54 GPa with a 1.00 melt fraction. This affects the general
results when estimating the melt fraction for the bulk (see Fig. 7d).

4. Discussion

The observed post-shock heating and melting of the phases and the
bulk composition from our models are in good agreement with what is
observed in shock metamorphism of ordinary chondrites (Stoffler et al.,
1991, 2018; Bennett and McSween, 1996, Rubin et al., 1997. Schmitt,
2000, Xie and Chen, 2016, Bischoff et al., 2018). The studied pressures
in this work are related to C—S5 and C—S6 in the 30-70 GPa range,
below the limit to the whole-rock melting at C—S7 (Stoffler et al., 1991,
2018; Fritz et al., 2017). In our work, the dominant melting of troilite
and plagioclase over the other phases is characteristic of the C—S5 to
C—S6 transition. The melt fractions of olivine and iron (representing the
FeNi metal alloy) at 50 GPa are low and slowly increase with increasing
pressures. The melting of olivine or iron (if diffusion of heat leads to
iron melting) is localized at the iron boundaries, the rear of iron and
troilite grains, or in the vicinity of crushed pores. The localized melting
is consistent with the melt pockets of silicates and metals observed at
C—S5 and C—S6 (Stoffler et al., 1991, 2018; Bennett and McSween,
1996; Rubin et al., 1997; Schmitt, 2000), and also with the intermixed
melting of plagioclase and metals often observed in ordinary chondrites
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at low shock stages (Fig. 3B in Tomkins, 2009; Fig. 2 in Tomkins et al.,
2013).

4.1. Troilite and iron

Melting of troilite is localized in the bottom of grains (relative to the
shock direction, Fig. 3, annot. 3), border (Fig. 3, annot. 5, 6, Fig. 4,
annot. 5), and in the case of small grains melting occurs in the whole
grain area. This is consistent with the results for simplified grain shapes
studied in Moreau et al. (2018). These features are similar to petro-
graphic observations of shocked meteorites from Bennett and McSween
(1996). They observed that in an L chondrite shocked at ~50 GPa the
most common type of melting generates small droplets (e.g. 10-20 pm)
of troilite and causes the melting of troilite on the borders of larger
grains. The melting of troilite is also influenced by iron, such as in N1,
Fig. 4 (annot. 3), and the grain geometry (Fig. 3 annot. 1). In Fig. 10 we
compile melt fractions in troilite as a function of the grain area at two
chosen nominal pressures in Al. At any pressure, we observe a group of
small grains with higher melt fractions than bigger grains. However,
because melting is independent of the grain size (see Resolution sec-
tion), our observations and those of Bennett and McSween (1996) are a
function of the grain shape only, rather than grain area.

The quasi absence of iron melting, with pure iron shock-melting
happening at > 120 GPa (see also Ahrens et al., 1998), is consistent
with the very rare metal melt droplets identified in Bennett and
McSween (1996) at C—S4 and C—S5 in eutectic mixtures or mixed melt
pockets (Stoffler et al., 1991, 2018). In our work, the melting of iron is
mostly a consequence of eutectic melting (Fig. 4 annot. 4, Fig. 8b) or
localized pressure effects due to the grain shape (Fig. 4 annot. 1). Al-
though heat diffusion is not included in our models, iron is often in
proximity to hotspots such as those from crushed pores (Fig. 3 annot.
4), heated silicates (e.g. plagioclase) or troilite (Fig. 4 annot. 3). Such
temperature gradients may lead to the diffusion of heat into the colder
iron. Preliminary results, using a 2-D heat diffusion code in model
outputs from Moreau et al. (2018), showed that melting of iron can,
indeed, be triggered by heat diffusion in contact with troilite grains
(Moreau and Schwinger, 2019).

4.2. Olivine and enstatite

The melting of olivine, or enstatite in models N1 and N2, is observed
in all models. In addition to the pressure effects studied in Moreau et al.
(2017, 2018) (Fig. 3, annot. 3; Fig. 4 annot. 2), we emphasize the
melting related to localized heating by the crushing of open pores
(Fig. 3 annot. 2, 4; Fig. 5 annot. 1, 2; also illustrated in Fig. 9).

Shock melting of pure olivine occurs only at pressures > 100 GPa.
Because whole-rock melting occurs at pressures starting from 75 to
90 GPa at C—S7 (Stoffler et al., 1991, 2018; Fritz et al., 2017), it com-
bines localized melting (pores) and entropy melting of high melting-
point silicates (e.g. enstatite or olivine) due to heterogeneities in the peak
shock pressures and post-shock temperatures. The transition to C—S7 is
also dependent on the precursor material porosity, this is illustrated in
Al at 10% and 15% porosity. As an example, in the model at 15%
porosity, the same bulk melt fraction of 0.05 is attained ~10 GPa prior to
the 5% porosity model, and the bulk melt fraction reached a value of
0.15 at 66 GPa, about three times higher than the model at 5% porosity
and same pressure. The recorded post-shock temperatures in olivine in
Al at 15% porosity are so high (~1920K) at the highest nominal pres-
sure that, in the vicinity of hotspots, phases will possibly melt by heat
diffusion and generate more melting. The pre-heating conditions in
thermally affected asteroids, thus attaining whole-rock melt (C—S7) at
lower pressures, are well illustrated by the pre-heated model A1 (Fig. 9),
meaning that C—S7 will be attained at much lower pressures than in the
classification (approx. 10-15 GPa below published values, see Results,
and correlating well with results from Schmitt, 2000 re-used in the new
classification scheme by Stoffler et al., 2018).
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4.3. Plagioclase

Our results show that plagioclase is a phase that melts prior to other
silicates, metals and iron sulfides. Plagioclase heats easily and may
contribute to the melting of nearby phases by heat diffusion if tem-
peratures are high enough. To illustrate this phenomenon, when pla-
gioclase is in contact to iron and is strongly heated by pressure reflec-
tions (Fig. 6 annot. 1, 2), the heat diffusion may play an important role
in heating and melting iron (a possible explanation for the melting
features observed by Tomkins, 2009, Fig. 3B, or Tomkins et al., 2013,
Fig. 2). In general, between nominal pressures of 35-40 GPa, post-shock
temperatures in plagioclase exceed the melting temperature of the eu-
tectic (metals and iron sulfides), and at 54 GPa nominal pressure, they
exceed the melting temperature of olivine. Melting of plagioclase is first
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dominant at the bottom of the grains, as observed in troilite. The ob-
servation of complete plagioclase melting is consistent with the shock
classification of Stoffler et al. (1991, 2018). In Ostertag (1983), plagi-
oclase melt glass from shock experiments is only observed above 45 GPa
regardless of the plagioclase composition and this is consistent with our
observation of partial to complete melting of plagioclase from 45 GPa to
55 GPa.

4.4. Bulk post-shock heating and melting

The bulk post-shock temperatures are averaged by the individual
phases and the modal composition. In N1, at 68 GPa nominal pressure,
post-shock temperatures are 1318K in olivine, 1089K in iron and
1786 K in troilite with bulk post-shock temperatures of 1317 K. In all
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models, the high temperatures in troilite are balanced by more abun-
dant colder iron which equilibrates the bulk post-shock temperature to
that of olivine. Bulk post-shock temperatures are, however, very de-
pendent on the iron content, which reflects shock waves and rises the
pressures and temperatures in the vicinity (Schmitt, 2000; Moreau
et al., 2017), or plagioclase content (model Al-albite), which displays
very high post-shock temperatures. Bulk post-shock temperatures could
also represent the equilibrium after diffusion of heat between the cold
and hot phases (heating of iron and cooling of troilite in contact,
Moreau and Schwinger, 2019), but also the generated hotspots from
pore crushing.

The post-shock temperatures from our models are similar to those
from shock experiments (Fig. 7f; Schmitt, 2000, Xie and Chen, 2016),
and theoretical Hugoniot data calculations (Schmitt et al., 1994). The
shock experiments carried out on the Kernouvé H6 chondrite (10 vol%
in metals, 9% porosity) by Schmitt (2000) displayed post-shock tem-
peratures (computed from the Hugoniot data) between our results for
Al at 5% and 10% porosity. In addition, the pre-heated A1 model at
10% porosity shows very similar post-shock temperatures to the pre-
heated shocked samples in Schmitt (2000). Experiments on the Jilin H5
ordinary chondrite (Xie and Chen, 2016; 8-11% porosity, Li et al.,
2012) produced slightly higher post-shock temperatures than our re-
sults and those of Schmitt (2000). This is either a consequence of iron
content, the precursor porosity of the samples (not mentioned in Xie
and Chen, 2016), or the effect of post-shock temperatures originating
from superposed pressures (Langenhorst and Deutsch, 1994;
Langenhorst and Hornemann, 2005) as the peak pressures in Xie and
Chen (2016) are twice as high as the initial pressures.

The melting in terms of percent of area estimated by Schmitt (2000)
is difficult to compare with our observations at 45 GPa, but correlates
well at 60 GPa, for all 3-10% porosity models at room temperature. In
pre-heated conditions, the melting results of Schmitt (2000) and Al
pre-heated model are similar at 45 GPa, but our results are a fourth of
Schmitt's (2000) results at 60 GPa. Such differences can be explained by
the absence of heat diffusion in the simulations (see contrasts of tem-
peratures in Figs. 3-6, 9), the absence of plagioclase in the pre-heated
Al model (plagioclase contributes to 10% of melting already > 55 GPa
in Al-albite model), but also it depends on the effects of
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recrystallization, the conditions of the shock-recovery experiments and
other effects that are not reproduced in our models (see Introduction).

Between 45 and 60 GPa, the post-shock temperatures in our models
range between ~700 and ~1300K for all 3-10% porosity models in-
cluding Al-albite, at 293K initial temperature. This is in good corre-
lation with the limit range of pressures and post-shock temperatures
between C—S5 and C—S6 (45-60 GPa, 900-1100 K, 600-850 °C, Stoffler
et al., 1991) in the shock metamorphism of ordinary/enstatite chon-
drites (Stoffler et al., 1991, 2018; Fritz et al., 2017). In general, most
values of post-shock temperatures and bulk melting of individual
phases or the bulk composition are correlated to the amount of iron (i.e.
metals) in the meteorite, or anti-correlated to the oxidation state from
reduced EL and H chondrite models (N1, N2, A1, A2) to the more
oxidized LL chondrite model (C1).

4.5. Closure of cracks

The effect of crack closure on localized heating/melting of sur-
rounding material is well illustrated in the Chelyabinsk model C1. We
observed that the orientation of the cracks influences the heating and
melting of the surrounding material (Fig. 5 annot. 1). Cracks oriented at
a low angle relative to the shock wave front generate less heating than
those oriented at a higher angle. To confirm this observation we pro-
vide results from models in which we resolved a single elongated pore
(~20 X 200 cells, corresponding to an area of ~0.004 mm?) oriented to
the shock wave front at angles from 0° (parallel) to 90° (perpendicular).
In Fig. 11 (and numerical results in Table A10) we show the results for
the melt fraction o and post-shock temperatures in the olivine material
in the sample plate (400 x 420 cells, original area: 0.168 mm?). We
observe that the melt production is more important with cracks or-
iented between 60° and 90°; post-shock temperatures peak with cracks
oriented between 45° and 60° relative to the shock wave front.

4.6. Shock-darkening

We observed that troilite melting dominates the 40-60 GPa pressure
range at 3-15% porosity over olivine and iron; this supports the excess
melting of iron sulfides over metals in shock-darkening (Stoffler et al.,
1991; Rubin, 1992). This range is also wider than in our previous work
(Moreau et al., 2017) because the melting of olivine in the cited work
was overestimated. Olivine melting is seldom observed in shock-dar-
kening.

Shock-darkening happens at a wide range of pressures (i.e. shock
stages; Rubin, 1992, Bennett and McSween, 1996, Rubin et al., 1997,
Wang et al., 2011). Here, we compare observations that support the
40-60 GPa range (C—S5 and C—S6) for shock-darkening:

1. In Bennett and McSween (1996), the only shock-darkened features
were observed in the McKinney L4 meteorite classified as C—S6. In
Rubin et al. (1997), shock-darkening in enstatite chondrites was
most observable in a C—S5 meteorite. In Rubin (1992), who pro-
vides more insight into shock-darkening, the observation of shock-
darkening is greatest for C—S4 to C—S6 meteorites. It is mentioned
here that shock-darkening is effective within eutectic mixtures, ex-
plaining the shock-darkening at lower shock stages. In Wang et al.
(2011), within their observations on 47 H-chondrites between C—S1
and C—S5, only 4 displayed shock-darkening features: 1 at C—S2, 1
at C—S3 and 2 at C—S4; there was only one C—S5 classified me-
teorite in their observations.

2. In Schmitt (2000), the metal and/or iron sulfide injections or
opaque shock veins are observed from 30 GPa up to 60 GPa, relating
lower pressure observations to eutectic melting. Additionally, in
Schmitt (2000), small but clear patches of shock-darkening are ob-
served (Moreau, 2019) for a sample experimentally shocked at
60 GPa from steel, amounting to ~40 GPa of shock entropy in the
sample due to the effect of the reverberation technique used in the
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Fig. 11. a) Melt fractions a and b) post-shock temperatures from 400 x 420
cells olivine sample plate models used to study the orientation of an open crack
(20 x 200 cells) to a shock wave front. Snapshots in a) show the original po-
sitions of the cracks (angle) in the sample plate and b) the distributions of the
post-shock temperatures after closure of the cracks. The nominal pressure is
63 GPa.

experiment (Schmitt, 1995; Langenhorst and Deutsch, 1994;
Langenhorst and Hornemann, 2005; Moreau, 2019). With a similar
shock-recovery experiment, as stated above, a light-colored li-
thology of the Chelyabinsk LL5 chondrite shocked at ~39 GPa did
not display shock-darkening (Moreau, 2019). These two observa-
tions support the lower range for sock-darkening (40 GPa).

3. Furthermore, a spherical shock-recovery experiment on a 13%
porous ordinary chondrite (Saratov L4, Bezaeva et al., 2010) pro-
duced very few zones of shock-darkening in a zone shocked at
~40 GPa initial shock pressure (~70-80 GPa at peak pressure), ac-
counting for a total shock pressure between 40 and 70 GPa. Shock-
darkening also occurred, as a sharp dark ring, in another spherical
shock-recovery experiment on the light-colored lithology of the
Chelyabinsk LL5 chondrite, at pressure ~50GPa (Kohout et al.,
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2018; Petrova et al., 2018). These observations favor our own esti-
mations of the shock-darkening range (40-60 GPa) and the C—S5
and C—S6 transition scheme.

In general, shock-darkening is difficult to observe in naturally
shocked ordinary chondrites considering the narrow pressure range for
shock-darkening and that ordinary chondrites classified as C—S5 and
C—S6 are not abundant (except for L chondrites, Bischoff et al., 2018).
It is also demonstrated that volumes of material shocked above 40 GPa
in collisions between asteroids do not exceed half of the projectile vo-
lume with impact velocities below 7 km/s (Moreau, 2019), which may
explain the very few observations of C—S5 and C—S6 in ordinary
chondrites (Bischoff et al., 2018). Under hot conditions (e.g. radiogenic
heating; thermal metamorphism, Norton, 2002), shock-darkening can
happen at lower pressures, as demonstrated by the pre-heated model in
our study. In general, unless the melting of silicates inhibits the mi-
gration of iron sulfide melt in the open cracks (Tomkins et al., 2013;
Kohout et al., 2018), within higher porosity models, shock-darkening
could happen up to 60 GPa. However, the onset of shock-darkening still
requires conditions that cannot be reproduced and, thus, requires fur-
ther research.

4.7. Shock metamorphism

The observed melting in our models is shock-induced and our work
disregarded effects related to heat diffusion (Moreau and Schwinger,
2019) and frictional heating (van der Bogert et al., 2003; see also
Moreau et al., 2018 for more details) that happen during or after shock
events, which may increase melting at lower shock stages (e.g. Stoffler
et al.,, 1991, 2018; Rubin et al., 1997; Schmitt, 2000; Xie and Chen,
2016). Thus, our work cannot reproduce the melting of iron sulfides
and metals observed at lower shock stages (C—S3 or C—S4)—mostly
tributary to localized heating (Stoffler et al., 1991, 2018; Fritz et al.,
2017). Only a small amount of iron sulfides (e.g. 2.8% of troilite at a:
0.012 in A2) melts at pressures right below 40 GPa, C—S5. The melting
of olivine does happen at lower pressures, but very locally due to pore
crushing. However, as stated above, the general amounts of total
melting and post-shock temperatures are consistent with a number of
previous studies (Stoffler et al., 1991, 2018; Bennett and McSween,
1996; Rubin et al., 1997; Schmitt, 2000; Xie and Chen, 2016), thus
localized melting of metals and iron sulfides at lower shock stages is
attributable to effects that we cannot, at this point, reproduce.

Compiling our findings from all 3-10% porous models (but pre-
heated A1 model), for melting, melting features, post-shock tempera-
tures, in all phases and bulk, in Fig. 12, we are able to relate our ob-
servations (green in Fig. 12) to the shock classification (Stoffler et al.,
1991, 2018; Fritz et al., 2017):

1. The melting features of any phases at C—S5 and C—S6 are correlated
to the observation of localized veins, dikes or melt pockets from
localized hotspots.

2. The observation of plagioclase complete melting at C—S6 is corre-
lated to the observation of shock melting of diaplectic glass. One can
speculate whether the partial melting of plagioclase in our models,
at C—S5, is linked to the presence of maskelynite.

3. The progressive melting of the bulk towards 70 GPa is correlated to
the transition to whole-rock melt, C—S7 (75-90 GPa).

4. Post-shock temperatures of C—S5 and C—S6 are correlated to the
estimated post-shock temperatures at the transition (Stoffler et al.,
1991).

However, observations (red in Fig. 12) that do not correlate well
with the shock classification, or have other implications for the shock

classification are:

5. Eutectic melting occurring only from C—S5 in our models.
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Fig. 12. Compilation of observations from the numerical models between 30 and 70 GPa at 3-10% porosity. The underlined texts originate from the shock meta-
morphism classification of Stoffler et al. (1991, 2018) and the pressures depicted at the top of the figure are either pressure estimations from Stoffler et al. (1991,
2018) or the nominal pressures in our models. Some details are provided for the 15% porosity model. The melt cones are an approximation of what is observed and
plain rectangles depict very strong melting (troilite) or complete melting (plagioclase). Green texts/figures are correlated to the shock classification. Red texts/figures
are either not correlated or are strongly implicated in the shock metamorphism classification (15% porosity model). (For interpretation of the references to color in

this figure, the reader is referred to the web version of this article.)

6. Post-shock temperatures assessed for the 15% porous model Al are
not correlated to the classification, but this implies that the shock
classification is dependent on the precursor material porosity for
reaching any shock stages at lower pressures. This is also the case for
pre-heated ordinary chondrites, but the decrease of required pres-
sure of ~10-15 GPa to reach similar shock stages in our pre-heated
model is correlated to the shock classification presented in Stoffler
et al. (2018).

In general, our work illustrates well the possibility to study shock
metamorphism using numerical modeling in terms of qualitative ob-
servations (e.g. the mapping of pressures, temperatures, and melting)
and quantitative pressure, temperature, and melt estimates.

5. Conclusions

Using BSE images of ordinary and enstatite chondrites in the me-
soscale models, we obtained results that correlate well with the tran-
sition between C—S5 and C—S6 in the classification of shock meta-
morphism of ordinary and enstatite chondrites. The transition from
C—S5 to C—S6 (45-60GPa), within the 3-10% porosity range, is
dominated by the progressive and effective melting of plagioclase
(reaching melt fraction of 1) and troilite (reaching melt fraction of
~0.6). The transition is accompanied by weak, but progressive, melting
of olivine and iron starting at 50 GPa. We emphasize the shock stage
classification dependence on porosity. An increase in porosity enhances
the melting efficiency and shifts the onset of C—S5 to C—S6 transition to

lower pressures. At 15% porosity, a pressure of ~10 GPa lower than
that for a 5%-porosity lithology is required to reach an equivalent bulk
melt fraction of 0.05. We also observed that:

1. Distribution of melt in troilite is grain-shape dependent.

2. Bulk post-shock temperatures are balanced by individual phases
displaying heterogeneous post-shock temperatures.

3. Localized heating due to pore crushing can affect the whole bulk
post-shock temperatures, and this is related to most of the localized
P-T excursions in the shock stage classification. Heating and melting
are also dependent on how open cracks are oriented to the shock
wave.

4. Shock-darkening, dominated by troilite melting, ranges from 40 to
60 GPa, thus overlapping the transition between C—S5 and C—S6.
However, at this pressure range, melting of highly porous silicates
may inhibit shock-darkening.
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Appendix A. Supplementary data

BSE images specifications and conversion (Fig. A1), result Tables
A1-A9 for all models, additional information on the use of cylindrical
symmetry (Table A1l and Fig. A2) and rounded grains (Table A11 and
Fig. A3), additional peak shock melting tests (Fig. A4). Supplementary
data to this article can be found online at https://doi.org/10.1016/j.
icarus.2019.06.004. iSALE configuration files and scripts that allowed
to carry out this research are available as modeling data (DOI: https://
doi.org/10.5281/zenodo.2649931), as an open-source online data re-
pository hosted at Zenodo (Moreau et al., 2019).
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