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Introduction: Shock metamorphic effects in meteorites provide a record of impact events and processes in the 

Solar System. The key to interpreting this record is understanding the shock conditions and relating these to impact 
processes [1, 2]. A major challenge in understanding shock effects in meteorites is the heterogeneous nature of 
shock metamorphic effects in a given sample. For example, high-pressure minerals almost exclusively occur in close 
association with shock-melt veins and pockets in S6 samples, yet samples with large amounts of shock melt general-
ly lack high pressure minerals. These shock-melt breccias are thought to have experienced high pressures [1, 3], but 
estimating the shock pressure is difficult. In this study we look at the mineralogy associated with shock veins in sev-
eral highly shocked L chondrites to better understand shock conditions and the importance of thermal history in cre-
ating and destroying high-pressure minerals.  

Samples and Methods: We examined the textures and mineralogy associated with shock melting in L5/6 chon-
drites Mbale (S6), Acfer 040 (S6), Chico and Northwest Africa 091 (both melt breccias). We used transmitted and 
reflected polarizing light microscopy, Raman spectroscopy and synchrotron micro-diffraction to classify samples 
and identify high-pressure polymorphs. We used FE-SEM and EDS to characterize nano-textures and compositions 
of minerals in and around shock veins.  We also used FIB lift-out and TEM characterize nano-mineralogy of the 
shock veins and shock effects in associated minerals. 

Results: Acfer 040 is a highly shocked L chondrite with abundant shock veins and pockets. The shock melt crys-
tallized a combination of bridgmanite, akimotoite and ringwoodite. Entrained olivines and pyroxenes are pervasively 
transformed to ringwoodite, pyroxene glass and possibly bridgmanite. This sample experienced a sustained (equilib-
rium) shock pressure of > 25 GPa throughout the quench of the shock melt. This high-pressure mineral assemblage 
represents a maximum crystallization pressure in shocked L chondrites. Mbale is a highly shocked L5-6 chondrite 
fall with prominent shock veins that contain recrystallized olivine. These polycrystalline olivines have strongly het-
erogeneous fayalite contents and locally contain wadsleyite and ringwoodite. The shock vein matrix consists of ma-
joritic garnet, wadsleyite and ferro-periclase-magnetite oxides, indicating a crystallization pressure of 14 to 16 GPa. 
Chico L6-S6 and NWA 091 L6-S4 are black and nearly opaque from finely disseminated sulfides. Both contain evi-
dence of abundant shock melting and post shock annealing, but no high-pressure minerals.  

Discussion: Shock classification of these samples is problematic because they do not all have shock deformation 
and transformation effects that are commonly used in classification [1]. Chico and NWA 091 have the least direct 
evidence of high pressure and are classified as S6, based on recrystallized olivine, and S4, based on crystalline pla-
gioclase, respectively. However, if one considers the extent of shock melting as a proxy for shock intensity, these 
two samples are the most highly shocked and Mbale (S6) is the least shocked. This is consistent with the inventory 
of high-pressure minerals if one considers that Chico and NWA 091 remained hot for too long to preserve high pres-
sure minerals. Mbale provides an example of partial annealing and back-transformation that illustrates the im-
portance of thermal history. The polycrystalline olivine in Mbale did not form by direct recrystallization, but rather 
by back transformation of ringwoodite-wadsleyite aggregates formed by transformation of olivine fragments in the 
shock melt. The presence of majoritic garnet and wadsleyite in the quenched melt confirms the formation of high-
pressure minerals. Back-transformation kinetic data for ringwoodite and wadsleyite [4-5], combined with thermal 
modeling of shock veins and entrained clasts indicate that back transformation, as seen in Mbale, requires tempera-
tures > 1200 K for seconds after decompression. This implies that Mbale had a relatively short shock-pressure pulse 
relative cooling time of the chock vein, whereas Acfer 040 experienced a longer shock-pressure pulse relative to 
melt-vein quench. Chico and NWA 091 remained at temperatures >1200 K for much longer, resulting crystallization 
of low-pressure assemblages from the shock melt and extensive annealing of shock deformation and transformation 
effects. The formation of shock melt provides the local heating necessary to form high-pressure minerals, by crystal-
lization and by transformation, but a large fraction of shock melt results in a cooling history that exceeds the shock 
pulse duration and results in low-pressure minerals and transformation of high-pressure phases to aggregates of low-
pressure minerals. 
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