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Published: 16 May 2016 High-pressure minerals in meteorites are important records of shock events that have affected the
surfaces of planets and asteroids. A widespread distribution of impact craters has been observed on
the Vestan surface. However, very few high-pressure minerals have been discovered in Howardite-
Eucrite-Diogenite (HED) meteorites. Here we present the first evidence of tissintite, vacancy-rich
clinopyroxene, and super-silicic garnet in the eucrite Northwest Africa (NWA) 8003. Combined with
coesite and stishovite, the presence of these high-pressure minerals and their chemical compositions
reveal that solidification of melt veins in NWA 8003 began at a pressure of >~10GPa and ceased
when the pressure dropped to <~8.5GPa. The shock temperature in the melt veins exceeded 1900 °C.
Simulation results show that shock events that create impact craters of ~3 km in diameter (subject to
a factor of 2 uncertainty) are associated with sufficiently high pressures to account for the occurrence
of the high-pressure minerals observed in NWA 8003. This indicates that HED meteorites containing
similar high-pressure minerals should be observed more frequently than previously thought.

Hyper-velocity collisions between celestial bodies create impact craters on the surfaces of planets and asteroids
and may result in the formation of high-pressure minerals2. Many high-pressure minerals have been observed
in shocked meteorites®”, samples returned by the Apollo missions®, and in terrestrial impact structures’, indi-
cating that widespread and intense dynamic events have occurred on both planets and asteroids. These minerals
provide important clues that allow us to constrain the prevailing Pressure-Temperature-time (P-T-t ) conditions
characterizing these shock events, the sizes and velocities of the impactors, and the size scale of the source impact
craters®719-13 Recently, the DAWN mission revealed that impact craters are abundant on the surface of the aster-
oid 4 Vesta (herein referred to as “Vesta’), including two giant impact basins known as Rheasilvia and Veneneia'*!°.
It has been proposed that meteorites of the Howardite-Eucrite-Diogenite (HED) clan might be originated during
the formation of these two impact basins on Vesta!'>!¢. In contrast to the widespread impact craters on the Vestan
surface, very few high-pressure minerals have been discovered in HED meteorites, possibly due to the forma-
tion/generation mechanism of meteorites from their parent bodies!”. For example, low-level impact events that
occur via spallation can result in high ejection velocities of meteorites with few or no high-pressure minerals’.
However, the occurrence of spallation that launched meteorites from their parent bodies cannot account for
the extreme rarity of high-pressure minerals in HED meteorites. Approximately 1,700 HED meteorites have
been identified in the meteorite collections; however, high-pressure minerals have only been reported in one
shocked eucrite®. It remains puzzling that high-pressure minerals are extremely rare in HED meteorites com-
pared with their frequency in Martian and lunar meteorites'*-?2. To solve this mystery, we performed a survey of
high-pressure minerals in shocked HED meteorites. The high-pressure minerals tissintite, vacancy-rich clinopy-
roxene, and super-silicic garnet are observed in the shocked eucrite Northwest Africa (NWA) 8003 in addition to
coesite and stishovite. The discovery of these high-pressure minerals provides important constraints on the P-T-t
conditions of shock metamorphism in HED meteorites. Given these conditions, we further estimate the possible
sizes of the impact craters from which HED meteorites with high-pressure minerals might have originated.

Results
Petrology of the host rock and shock melt veins. NWA 8003 is a basaltic eucrite that consists mainly
of pyroxene and plagioclase with a subophitic texture. Minor minerals include quartz, troilite, chromite, ilmenite,
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Figure 1. Back-scattered electron image of a typical, thin shock melt vein in NWA 8003. It consists
dominantly of clinopyroxene with minor mineral fragments and fine-grained silica aggregates. Cpx:
clinopyroxene; Opx: orthopyroxene; Aug: augite; Tro: troilite; Msk: maskelynite; Tst: tissintite; FSA: fine-grained
silica aggregate. This figure is generated with BSE images by using Adobe Photoshop® CS2.
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Figure 2. Back-scattered electron image of a typically zoned shock melt vein in NWA 8003. Cpx:
clinopyroxene; Grt: garnet; Coe: coesite; Cpx: clinopyroxene; FSA: fine-grained silica aggregate. Dashed lines
show the boundaries between different zones of the melt vein. This figure is generated with BSE images by using
Adobe Photoshop® CS2 and Illustrator® CS4.

Ca-phosphate (apatite and merrillite), and zircon. Iron-nickel (FeNi) metal grains are also observed in the frag-
ment of NWA 8003 under consideration (Supplementary Fig. 1). These grains might have an exotic origin®*%.
Most of the pyroxene grains in the host rock show augite exsolution lamellae (usually 1-5 jum wide) within Fe-rich
orthopyroxene (Supplementary Fig. 2). The average compositions (Supplementary Table 1) of orthopyroxene
(Enss510,5FS64.5106 W02 300 53 based on 12 analyses) and augite (Eny; .0 3F$25 6103 W043 72045 14 analyses) suggest an
equilibrium temperature of 718 °C (ref. 25). Most of the plagioclase grains (Ang,_o,; Supplementary Table 2) in the
host rock are lath-shaped, exhibiting numerous irregular cracks (Supplementary Fig. 2). Most of the plagioclase
grains adjacent to melt veins are fully transformed into maskelynite, whereas those farther from the melt veins are
usually partially transformed into maskelynite.

Shock melt veins are common in NWA 8003 (Supplementary Fig. 1; bulk compositions of representative melt
veins are provided in Supplementary Table 3). Their widths vary from a few micrometers to ~1 mm. Most of the
melt veins in NWA 8003 are relatively thin (<200 pum wide) and consist predominantly of fine-grained clino-
pyroxene (<3 pm in size; Fig. 1). A few wide melt veins in NWA 8003 exhibit complex zoning in their mineral
assemblage (Fig. 2). They may consist of an edge zone (widths ranging from a few micrometers to ~100 pm in
width) dominated by fine-grained clinopyroxene (Fig. 2), a middle zone composed of eclogitic mineral assem-
blage (garnet + rod-like coesite + clinopyroxene =+ glass; Fig. 3a), and a central zone of garnet + glass (Fig. 3b).
The texture and mineralogy of the clinopyroxene-dominant edge zone in zoned melt veins are almost identical to
those in the thin melt veins (Fig. 1). The eclogitic mineral assemblage in NWA 8003 varies in grain size and min-
eral abundance among veins and even within a given melt vein. Glass is also present within the zone dominated
by the eclogitic mineral assemblage close to the garnet + glass zone (Fig. 3a). The garnet + glass zone is present
only in a few wide veins (>~500 pm wide).
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Figure 3. Back-scattered electron images of high-pressure minerals in NWA 8003. (a) A typical area showing
the textural association of garnet, rod-like coesite, and clinopyroxene embedded in glass. (b) Garnet 4 glass in
the central zone of a zoned melt vein. (c) Fine-grained silica aggregates dominated by coesite. (d) A FSA within

a melt vein composed of fine-grained clinopyroxene. Granular coesite forms the rim of the aggregate while
stishovite and silica glass occur at the core. (e) A quartz grain adjacent to a melt vein has transformed to stishovite
and silica glass. Fine-grained lamellae-like stishovite occurs at the boundary with the melt vein. (f) Lamellae-like
stishovite embedded in silica glass which is close to but not directly contact with a melt vein. Tro: troilite; Coe:
coesite; Cpx: clinopyroxene; Grt: garnet; FSA: fine-grained silica aggregate; Sti: stishovite; Msk: maskelynite; Opx:
orthopyroxene; Aug: augite. This figure is generated with BSE images by using Adobe Photoshop® CS2.

In addition to relict fragments of host rock, fine-grained silica aggregates (FSAs), which consist of coesite,
stishovite and amorphous silica, are observed within most melt veins (Figs 1, 2, and 3c-d). In contrast to the
rod-like coesite within the eclogitic mineral assemblage (Fig. 3a), the coesite in FSAs usually appears as poly-
crystalline aggregates (Fig. 3c). In a few large FSAs, coesite grains form a thin rim on a large core dominated
by lamellae-like stishovite and silica glass (Fig. 3d). Quartz grains adjacent to melt veins are transformed to its
high-pressure polymorphs (stishovite and coesite) and/or silica glass (Fig. 3e-f), where stishovite also appears
lamellae-like in texture (Fig. 3e—f). However, the textures of quartz and its high-pressure polymorphs (Fig. 3e-f)
adjacent to melt veins are different from those of FSAs (Fig. 3c—d) within the melt veins. The former is usually
irregular in shape whereas the latter often has a curved outline. Silica phases in the former are rarely centrally
zoned, whereas such zoning is commonly observed in FSAs (Fig. 3d).

Tissintite, a high-pressure polymorph of Ca-rich plagioclase with a clinopyroxene structure, is commonly
observed in maskelynite adjacent to melt veins. It appears to have nucleated and grown on relict mineral frag-
ments in maskelynite (Fig. 4a-b). Most aggregates of tissintite are small in size (~5um), with a few reaching up
to ~20 pm.
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Figure 4. Back-scattered electron images of tissintite occurs in maskelynite adjacent to shock-melt veins.
Most of them grow on the mineral fragments in the maskelynite. Tro: troilite; Tst: tissintite; Msk: maskelynite;
opx: orthopyroxene; aug: augite. This figure was generated with BSE images by using Adobe Photoshop® CS2.

Characterization of high-pressure minerals. Tissintite in NWA 8003 is identified by its Raman spec-
trum and its Electron Back Scatter Diffraction (EBSD) pattern. The Raman spectrum of tissintite is distinctly dif-
ferent from that of anorthite in NWA 8003; instead, it is similar to that of jadeite instead (Supplementary Fig. 3).
Its EBSD pattern can be well indexed with the C2/c clinopyroxene structure (Supplementary Fig. 4). Chemically,
NWA 8003 tissintite is indistinguishable from plagioclase and maskelynite in NWA 8003 (Supplementary Table 2).
Based on six oxygen atoms, the tissintite in NWA 8003 has an average chemical formula (Ca¢,Nag o[ 1o27)
(Al goFeq 1) (S 6,Al 35)O6 with high vacancy concentrations on the M2 site.

The structure of clinopyroxene in the shocked melt veins of NWA 8003 is confirmed by its Raman spectrum
and EBSD pattern (Supplementary Figs 5 and 6). Clinopyroxene in both thin and wide melt veins is character-
ized by a complex chemical composition, with much higher Al,O; concentration and more abundant Ca-Eskola
(Ca-Esk, Cays5[1,5A1Si,04) components than high-Ca and low-Ca pyroxenes in the host rock of NWA 8003
(Supplementary Table 1). Clinopyroxene, when located within the eclogitic mineral assemblage of zoned veins
contains slightly higher Na,O and CaO than those in either thin melt veins or the edge zones of zoned melt veins.
The calculated abundance of the Ca-Esk components (41 + 8 mol% on average; based on 13 analyses) in the for-
mer is generally higher than that in the latter (34 7 mol% on average; 19 analyses).

Garnet occurs as fine dendritic or anhedral to euhedral grains in the zoned melt veins of NWA 8003
(Fig. 3a—c). Its structure is confirmed by its Raman spectrum and EBSD pattern (Supplementary Figs 5 and 7).
Our Electron Probe Micro-Analyzer (EPMA) results (Supplementary Table 4) reveal that all garnets are super-silicic,
containing 6-13 mol% majorite components [Mg;(Mg"Si)VSi;O,,]. The garnet grains within the eclogitic mineral
assemblage contain slightly higher Si concentrations (3.09-3.13 atoms per formula unit, apfu; based on 12 analyses)
than those in the central zone (3.06-3.09 apfu, 9 analyses), based on 12 oxygen atoms. In contrast, the Al concentra-
tions in the former (1.70-1.80 apfu) are slightly lower than those in the latter (1.77-1.83 apfu).

Stishovite and coesite in NWA 8003 are identified on the basis of their Raman spectra (Supplementary Fig. 8)
and EBSD patterns. Although silica glass is also present, as inferred from the petrographic texture, Raman spec-
tra, and EBSD patterns, no other high-pressure polymorphs (e.g., seifertite) were identified.

Discussion

This study has identified five high-pressure minerals (tissintite, vacancy-rich clinopyroxene, super-silicic garnet,
coesite and stishovite). Among these, tissintite, vacancy-rich clinopyroxene, and super-silicic garnet are reported
in HED meteorites for the first time. Additionally, this is the first time that tissintite has been observed in sam-
ples other than those from shocked Martian meteorites?®-2. Its presence in NWA 8003 confirms the prediction
that tissintite could be common in shocked samples containing calcic plagioclase!*. Compared with the type
tissintite from the Tissint Martian meteorite, the tissintite in NWA 8003 is more calcic, similar to that of Na-free
end-member (Cay ;5[ o,5)Al(Si; sAly5)Og (ref. 27). This composition is related to the originally Ca-rich prop-
erties of plagioclase precursors in eucrite. Although tissintite has an identical compositions to plagioclase and
maskelynite in NWA 8003, almost all of the tissintite grains appear as intergrowths on tiny pyroxene grains in
maskelynite or on rims of large pyroxene grains. This indicates that the tissintite in NWA 8003 formed through
direct crystallization from maskelynite, which is similar to the formation mechanism in Martian meteorites®”.

Differing from orthopyroxene and augite in the host rock, the fine-grained clinopyroxene in the melt veins
is unique, containing high concentrations of Al and cation vacancies. Since pyroxene, characterized by abun-
dant cation vacancies, is only observed udner high-pressure conditions?”?*-*’, the presence of this chemical
property indicates that vacancy-rich clinopyroxene in the melt veins formed through rapid crystallization from
high-pressure melts. This view is also supported by the texture of the thin melt veins and the edge zones of
zoned melt veins. Super-silicic garnet and its associated clinopyroxene and rod-like coesite in NWA 8003 have a
fine-grained, igneous texture, which indicates that they also crystallized rapidly from high-pressure melts.

The lamellae-like texture of stishovite in NWA 8003 implies a structure-controlled phase transformation,
which is consistent with a solid-state phase transformation mechanism. If stishovite formed through rapid
crystallization from high-pressure silica glass, it would be randomly orientated because of rapid nucleation.
Therefore, it is very likely that the lamellae-like stishovite in NWA 8003 was also formed through a solid-state
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phase transformation'®. Previous studies have reported that seifertite in some Martian meteorites has a similar
lamellae-like texture®?, possibly indicating a seifertite-related origin for stishovite. However, previous exper-
iments have revealed that although seifertite can form at a low pressure down to 11 GPa, at a temperature of
640-860K from «-cristobalite®, it will transform to stishovite above this temperature range. In addition, for
a start material of quartz, much higher pressures (>25 GPa at 900 K) are required to produce seifertite in their
experiments. Instead, stishovite forms at a much lower pressure (18 GPa at 800 K). Given that quartz occurs as the
low-pressure silica phase in NWA 8003, stishovite might have formed through direct transformation from quartz.
If seifertite represents a metastable phase before the formation of stishovite, an anomalously high pressure (prob-
ably >25 GPa) would be required to produce seifertite, compared with the pressure inferred from other pressure
indicators, as discussed below. To be conservative, we suggested that the stishovite is a product of a solid-state
phase transformation from quartz and is not seifertite-related in origin.

In some FSAs, coesite has a polycrystalline texture (Fig. 3¢), indicating that the granular coesite crystallized
from high-pressure silica glass. Meanwhile, as opposed to the solid-state phase transformation from quartz to
coesite which is sluggish owing to a large kinetic barrier*, crystallization of coesite from high-pressure silica glass
can reduce the kinetic barrier's. This makes it plausible that coesite completes its crystallization in a relatively
short time. The centrally zoned texture of some FSAs can be accounted for by the presence of a temperature gra-
dient between a silica glass rim and a relict solid portion. During shock-induced melting, the rim of FSAs might
have been heated to the melting temperature of quartz; however, the core was not heated sufficiently to reach its
melting temperature. Based on the phase diagram for silica, at a given high pressure, the hot rim of quartz will
transform into coesite, whereas the relatively cold core will transform into stishovite®>?¢. Amorphous silica was
originated later from stishovite during adiabatic decompression, since stishovite is sensitive to heating'®. This
interpretation is consistent with the unique occurrence of FSAs in melt veins, whose formation indicates much
higher temperatures than those inferred from the host rock*. Because zoned FSAs are enclosed by melt veins, it
would have been easy to form a hot rim in quartz. However, it would have been difficult to form such a hot rim
for quartz grains in the host rock.

Several indicators could potentially be used to constrain the prevailing shock conditions affecting NWA 8003,
particularly the stability fields for (1) tissintite, (2) vacancy-rich clinopyroxene, (3) high-pressure polymorphs of
silica (coesite and stishovite), (4) the eclogitic mineral assemblage garnet + clinopyroxene + coesite, and (5) the
Siand Al concentrations of super-silicic garnet within the eclogitic mineral assemblage. There is no doubt that the
presence of tissintite and vacancy-rich clinopyroxene indicates high-pressure conditions. However, their presence
does not yield precise constraints on the prevailing shock pressure. (i) Because tissintite is absent in the phase
diagram of plagioclase, it should be a metastable phase rather than an equilibrium phase?. Although it has been
observed in shocked Martian meteorites that were possibly shocked up to >14 GPa?, the exact stability field
of tissintite remains unknown. Therefore, it is difficult to constrain the formation pressure based on the presence
of tissintite alone. (ii) There are two reasons to suggest that the clinopyroxene in melt veins, characterized by a
complex composition, is not a good indicator of pressure. First, clinopyroxene has a wide stability field (from
<2 GPa to >20 GPa; ref. 37); hence, it is difficult to constrain the shock pressure based only on the presence of
clinopyroxene. Second, the Ca-Esk component in clinopyroxene is a function of both pressure and temperature®.
With temperature unknown, pressure cannot be constrained precisely, and vice versa.

By adopting the static high-pressure phase diagram for pure silica, it has been estimated!® that the shock pres-
sures required for the coexistence of coesite and stishovite in Béréba could range from ~8 to ~13 GPa. However,
in relation to the FSAs in NWA 8003, stishovite and coesite have formed through different transformation mech-
anisms (i.e., solid-state phase transformation for stishovite and crystallization from high-pressure silica glass for
coesite). Although a shock pulse could last for several tens of milliseconds, kinetic effects might be non-negligible
when applying static high-pressure phase diagrams to interpret solid-state phase transformations of minerals.
For instance, recent shock compression experiments reveal that although stishovite might form within 1.4 ns, the
nucleation pressure exceeds 18 GPa (ref. 38), which is much higher than the transformation pressure from coesite
to stishovite (~8 GPa) under static high-pressure experiments®. Therefore, large uncertainties might affect the
resulting shock-pressure conditions based on the coexistence of coesite and stishovite, which might have formed
through different mechanisms. Without being able to quantitatively constrain the kinetic effect associated with
the formation of coesite and stishovite, the coexistence of coesite and stishovite in NWA 8003 only indicates
that the shock pressure should be >~8 GPa, which is the lower pressure limit required for the presence of stable
stishovite®.

Compared with the first three indicators described above, the latter two (i.e., the eclogitic mineral assemblage
garnet 4 clinopyroxene + coesite, and the Si and Al concentrations of super-silicic garnet within the eclogitic
mineral assemblage) might provide better constrains on the shock conditions. Static high-pressure phase dia-
grams can be applied to this eclogitic mineral assemblage, because the eclogitic mineral assemblage of garnet,
clinopyroxene, and rod-like coesite crystallized from the high-pressure melt veins in NWA 8003. Based on the
static high-pressure experiments aimed at studying anhydrous mid-ocean ridge basalt*’, an eclogitic mineral
assemblage containing glass indicates a pressure between 5GPa and 10 GPa. If the pressure exceeds 10 GPa,
stishovite would be stable instead of coesite and would coexist with garnet and clinopyroxene. As discussed above,
the stishovite in NWA 8003 formed through a solid-state phase transformation, and it is not in equilibrium with
garnet or clinopyroxene, which crystallized from melts. Consequently, the eclogitic mineral assemblage includ-
ing glass in the melt veins indicates that the eclogitic mineral assemblage crystallized at a pressure ranging from
~5GPato ~10 GPa.

Static high-pressure experiments on natural mid-oceanic ridge basalt reveal that the Si and Al concentrations
in super-silicic garnet are a function of pressure*!. Since the super-silicic garnet grains in NWA 8003 crystallized
from high-pressure melt, the results of static high-pressure experiments are used to estimate the pressure under
which super-silicic garnet with a specific composition may have formed. Therefore, based on a diagram of atomic
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Figure 5. Correlation diagram for atomic numbers of Si and Al of garnet within the eclogitic mineral
assemblage versus pressure (modified from ref. 41). The inferred pressure ranges from the Si concentrations
of garnet (illustrated by the red rectangular region) are generally consistent with those from the Al
concentrations (illustrated by the blue rectangular regions).

numbers of Si and Al (based on 12 oxygen atoms) versus pressure (Fig. 5), the compositions of garnet within the
eclogitic mineral assemblage correspond to pressures of ~8.5 to ~10 GPa. The pressure inferred from the compo-
sition of garnet within the eclogitic mineral assemblage is well consistent with that inferred from the stability field
of the eclogitic mineral assemblage (~5 to ~10 GPa), and has a better precision.

Since shock melt veins cool predominantly by conduction to the surrounding host rock, crystallization
of zoned melt veins will proceed from the edge to the centre*. Thus, zones that crystallized early may record
higher pressures than those that crystallized later. This implies that the pressure during crystallization of the
clinopyroxene-dominant melt-vein zone might be higher than that representative of the zone dominated by the
eclogitic mineral assemblage, which is in turn higher than that for the central zone composed of garnet and glass.
Therefore, the pressure during the crystallization of clinopyroxene-dominant zones is of the order of, or higher
than, 10 GPa, and the pressure during crystallization of the garnet + glass zone was possibly less than ~8.5 GPa.
With reference to the arguments put forward above, a rough pathway for the shock metamorphism of NWA
8003 can be deduced. During the early stage of shock decompression, shock melt veins and maskelynite formed,
quartz grains within the melt veins transformed to fine-grained aggregates composed of coesite, stishovite, and
amorphous silica, and plagioclase transformed to maskelynite. Subsequently, tissintite crystallized from maske-
lynite, and shock melt veins started to crystallize. During crystallization of the clinopyroxene-dominant veins
and clinopyroxene-dominant zones within zoned melt veins, the pressure might have been ~10 GPa or higher.
When the pressure dropped to ~8.5-10 GPa, the eclogitic mineral assemblage started to crystallize. Next, the
garnet + glass zone solidified, probably at a pressure of <~8.5 GPa. If we assume a shock pressure of ~10 GPa, the
melting temperature of such a basaltic material similar to that found in NWA 8003 should be >1900°C based on
the phase diagram for mid-oceanic ridge basalt*.

The presence of super-silicic garnet in the central zone of some veins indicates that melt veins were
under high pressure when solidification finished. Based on the thermal conduction model developed in the
literature!®>42, the lower limit to the shock duration can be estimated from the solidification time of the melt
veins (see Methods section). Given that the melt veins in NWA 8003 began to solidify at a pressure of 10 GPa and
that the temperatures of the host rock and melt veins during the shock compression were 100 °C and 2000 °C,
respectively, the calculated solidification time is ~70 ms for a melt vein of 1 mm wide. This indicates that the shock
pulse lasted at least ~70 ms on scale. Although the initial temperature difference between the host rock and melt
veins was not exactly 1900 °C, previous studies have shown that different initial temperature differences (up to
1000 °C) does not change the scale of the shock pulse!®. Instead, the solidification time depends mainly on the
width of the melt veins'.

By applying simulation models developed in previous studies!? (see Methods section), we can calculate the
impact velocity and size of the impactor that produced the shock melt veins in NWA 8003, as well as a lower
limit to the diameter of the source crater. If we assume impactors spanning a range of densities (basalt, ordinary
chondrite, and iron), an impactor of 0.16-0.18 km in size is required to produce an impact pressure of 10 GPa,
vertically impacting the basaltic surface of Vesta with an impact velocity of 1.2-1.7km s~ The corresponding
diameter of the transient impact crater would be 2.8-3.2km (Fig. 6). Note that these calculation results obtained
here represent their lower limits for the impact velocity, impactor size, and crater size, respectively. For instance,
the impactor might not impact the surface vertically. In that case, a higher impact velocity would be required to
account for the vertical velocity adopted in our study. If we consider a possible pressure gradient within a large
impact crater, the impact crater might be much larger than ~3 km. However, the impact velocity (~1.5km s™?)
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Figure 6. Diameter of crater as a function of shock pressure assuming a basaltic target and a shock pulse
of 72 ms. Different curves denote impactors of different materials. When shock pressure is 10 GPa and shock
duration is 72 ms, the size of crater is 2.8-3.2 km for impactors with various densities.

that is required to account for the formation of the high-pressure mineral assemblages in NWA 8003 is consistent
on magnitude with the average impact velocity (~5km s™!) at the location of Vesta in the main asteroid belt*>**,
This indicates that high-pressure minerals that formed under similar shock pressures might be more common
than previously thought, assuming that HED meteorites indeed originated from the asteroid 4 Vesta. Additional
investigations of the shock-melt veins in HED meteorites are needed to confirm this prediction. In addition,
considering the uncertainty of a factor of 2 (refs 1,45), the diameter of the transient impact crater required to
account for the high-pressure mineral assemblages in NWA 8003 is also comparable to the sizes of most impact
craters (>4km) on the surface of Vesta'®. This result indicates that HED meteorites with similar high-pressure
mineral assemblages might not necessarely originate from the two giant impact basins on Vesta, as proposed in
the literature'. They probably formed in smaller impact craters on the surface of Vesta.

Methods

Petrographic observations. The petrographic texture of NWA 8003 was observed using a JEOL 7000F field
emission gun scanning electron microscope (FEG-SEM) at Hokkaido University, Japan. The accelerating voltage
and electron beam current were 15kV and 3-5nA, respectively. The mineral chemistry was determined using a
JEOL 8100 Electron Probe Micro-Analyzer (EPMA) with wavelength dispersive spectrometers (WDS) at Nanjing
University, China. Measurements of most minerals were performed with a focused beam of 20nA, accelerated at
15kV, whereas measurements of plagioclase and its polymorphs were performed with a defocused beam (2-5pum
in diameter) at the same beam current and accelerating voltage. Natural and synthetic standards were used.
Typical detection limits for oxides of most elements were better than 0.02 wt%. All EPMA data were reduced
using the ZAF correction procedure. The bulk compositions of melt veins in NWA 8003 were obtained by using
the analytical mode of outlined materials of the PointID Navigator in the Oxford EDS system (INCA software)
attached to a JEOL 6490 scanning electron microscope at Nanjing University.

Raman and electron backscatter diffraction patterns. Characterization of the crystal structures of
minerals in NWA 8003 was performed by obtaining their Raman spectra and Electron Backscatter Diffraction
(EBSD) patterns, and comparing these with the spectra and patterns in datasets. Raman spectra were measured
with the laser micro-Raman spectrometer Renishaw RM2000 at Nanjing University. A microscope was used
to focus the excitation laser beam of 514 nm (Ar* laser) on the target phases. The sample was excited by a laser
power of ~5mW, using a spot size of ~2-3 pm. The Raman spectra baselines were reduced by using the OPUS
software (version 3.1). The minerals’ EBSD patterns were obtained using an Oxford EBSD detector attached to a
JEOL 7000F FEG-SEM at Hokkaido University, at an accelerating voltage of 20kV and an incident beam current
of 4nA. Before analysis, the sample was vibro-polished and carbon-coated. The experimental EBSD patterns were
indexed using the Aztec software with structures from both the HKL dataset and a dataset from the Mineralogical
Society of America. The Aztec software automatically suggests indexing solutions ranked by the lowest ‘mean
angular deviation’ (MAD) as a ‘goodness of fit. MAD values of <1 are considered desirable for accurate solutions.

Estimating the solidification time of shock melt veins. Based on the model developed by Turcotte
and coauthors*>*, the solidification of magmas can be treated as the Stefan Problem involving phase changes
(e.g., from liquid to solid) and the latent heat of crystallization. This model has been used to constrain the solidifi-
cation time of melt veins in shocked meteorites!®!>. We used this model to estimate the solidification time of melt

SCIENTIFICREPORTS | 6:26063 | DOI: 10.1038/srep26063 7



www.nature.com/scientificreports/

veins in NWA 8003. In this model, molten veins are viewed as a thin slab of width 2w, bound by two semi-infinite
spaces. The solidification time ¢, can be determined through

2
w

TN (1)

where w is the half-width of the slab, & is the thermal diffusivity of the molten slab and surrounding material and
A is a dimensionless coefficient. The A value can be obtained by solving the transcendental equation,

N

L e
CpT, — Ty AL+ erf))’ )

where L is the crystallization latent heat, C, is the specific heat at constant pressure, erfis the error function, T, is
the melting temperature of rocks, and T}, is the initial temperature of the surrounding material.

In addition, we can obtain the temperature at the boundary between the slab and surrounding material, T},
when the melt veins are completely solidified:

T, =T, + n—To,

1 + erfA (3)

For garnet-bearing shock melt veins in NWA 8003, T, is assumed to be 2000 °C based on the liquidus temper-
ature of an anhydrous mid-ocean ridge basalt at ~10 GPa*. The initial temperature T}, is the sum of the pre-shock
initial temperature and temperature increase induced by the shock. The pre-shock temperature of basaltic rocks
under a pressure of ~20-22 GPa is approximately 50-100 °C*¥. Since the solidification time is largely insensitive
to the temperature difference (T,, — T;) compared with the width of melt veins!®, we adopted T,=100°C. The
apparent widths of the shock-melt veins in NWA 8003 are up to 1 mm; i.e. w=0.5 X 10~ m. Given the typical
values of L =320k kg™!, C,= 1.2k kg™!, s =107 m? s~ (ref. 42), we obtained that A =0.93, t,=72ms, and
T, =1150°C. These results show that when the vein completely solidifies, the temperature within the vein is still
high. It is therefore possible that stishovite transformed into the amorphous phase after heating during shock
decompression.

Estimating the Impact velocity (v)). A rough estimate of the particle velocity, u, and the impact velocity,
v;, can be obtained from the planar impact approximation and use of the Hugoniot equation’2. The Hugoniot
equation, which is based on the conservation of momentum, is:

P — Py = puU, 4

where P is the shock pressure, P, is the pressure before the impact, p, is the density of the material before the
impact, u is the particle velocity and Uj is the shock wave velocity.
A linear relation between the shock wave and particle velocities can be specified by

U, =c+ su, (5)

where ¢ and s are empirical constants whose values depend on the specific materials targeted. Substituting
Equation (5) into Equation (4), we have

P — Py = pyulc + su). (6)

Given the shock pressure P and the density (p,) of the pre-shock material, the particle velocity u of the com-
pressed material (either the target or the projectile) can be obtained by solving Equation (6).

If the target and the projectile are made of the same material, relation between the particle and impact veloc-
ities* is
v; = 2u. (7)

In the case of NWA 8003, we adopt a shock pressure P=10GPa and P,=0GPa, as well as p;=2.860g cm 3,
c¢=2.6km s~ and s =1.62 for basalt'. Substituting these values into Equations (5)-(7), we obtained (. =0.87 km
Sil, Vi(basalt) = 174km Sil, and Us(basalt) =401 km Sil.

If the target and the projectile have different densities, the impact velocity can be obtained by solving these
equations using the planar impact approximation. The relations between the particle and impact velocities are
expressed as

B+ B —4aC

u, =

24 (8)
A= poSe = PoySps 9)
B = pyci t+ Poyp T 2'OOpSPUi; (10)
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C= —popv,-(cp + 5,U:); (11

P — Py = po,uc; + s,y). (12)

Equation (11) is, in fact, a combination of Equations (4) and (5), and the subscripts ‘p’ and ‘t’ refer to the
projectile and target, respectively. Here, the target is basalt or at least mostly basalt. Although minor FeNi metal
grains are present, no regolith materials (e.g., impact melt glass beads or agglutinates) are observed in NWA
8003. Since large FeNi metal grains are observed in NWA 8003 (Supplementary Fig. 1), iron or ordinary chon-
drite (OC) projectiles are considered as the projectile. Substituting the state parameters of iron and basalt (iron:
po=7.680g cm~, c=3.80km s, and s = 1.58; ref. 2) and that of OC (pO: 3.469gcm3, c— 3.7237km s}, and
s=1.2822; ref. 48) into these equations, we obtained 1o =0.30km s, Vj0n = 1.18km s, Uy =4.28 km s~
and 4oy =0.64km s7!, v, oy = 1.51km s7!, Uy =4.54km s~ 1.

Estimate of the projectile diameter (D). The shock duration can be used to derive an
order-of-magnitude diameter of the projectile (D pm]s, The duration of the shock pressure (t;) can be calculated as
the sum of the duration of compression of the collision material (t.= D, ,;/U,) and the time needed for expansion
of the shock material, t,= (py/0)D,,/C;:

D, . D, .
td:tc*’tr:%‘*'[&][ﬂ],

s p L C, (13)

where D,,,; is the diameter of the projectile, p is the density of the shocked material, and C, is the rarefaction wave

velocity. On the basis of a Murnaghan-type of equation of state?, C, is given by

c - Ky + nP
N (14)

where K, = p,c? is the projectile’s bulk modulus and n=4s— I is a dimensionless constant. The density of the
shocked material, p, can also be obtained as follows:

2 P
po U 0) (1 _ 70)

{1 Bl 5(1 - %)}2 (15)

For NWA 8003, the shock pressure (P= 10 GPa) can be estimated from the high-pressure mineral assemblages.
The solidification time (t,=72 ms) of 1-mm-wide shock-melt veins is the lower limit of the shock duration, t,, as
discussed above. Substituting the state parameter, pO, and empirical constants (cand s) of basalt, iron, and OC* into
these equations, we obtained Plvasatry = 3658 €M, Cypaqay = 4.50km s, Dyoiipasatry = 0 17Kkm; pirony =827 g cm >,

Crirony =446 km 571, D, 16,0 = 0.16 km; and piocy=3.65g cm >, Ciocy=4.71km s ™", D¢y = 0.18 km.

Estimating the crater diameter (D_,4.,). Using the impact velocity, v;, and the projectile size, d, calcu-
lated above, the crater diameter can be approximated using the pi-scaling relation':

0.11 —-1/3 —-0.22 0.13 0.22
Dcrater 1.8 x ppro] ptarget xg DP"’J x W, (16)

where g is the gravitational acceleration on Vesta, g=0.22ms ™2 (refs 50, 51) and W is pure kinetic energy:

W =

3
1 4 [D proj ] 2
—X1ip X =XTX X v
2 proj " 3 2
17)
Substituting the values of the impact velocity and the projectile size for three types of projectiles into
Equation (16) and equation (17), we obtained crater diameters created by projectiles composed of basalt, OC, and
iron is 2.8 km, 2.9km, and 3.2 km, respectively. Figure 6 shows that the crater diameter is a function of the shock

pressure for impactors of various densities from 5 to 15 GPa assuming the same shock pulse of 72 ms.
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