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Introduction: Shock metamorphism, resulting 
from hypervelocity collisions, is a fundamental process 
in the early solar system [1-6]. A widely used shock-
classification scheme for chondrites was proposed by 
Stöffler et al. [1]. This shock classification system is 
easy to apply and correctly represents the progressive 
shock-pressure sequence from weak to strong. How-
ever, pressure calibration based on shock recovery 
experiments is problematic for some shock features, 
such as phase transformations, which depend on reac-
tion kinetics [8]. Phase transformations that occur dur-
ing shock are generally reconstructive and are strongly 
dependant on duration and temperature. 

An alternative means of estimating shock pressure 
is to use the mineralogy of melt veins to estimate crys-
tallization conditions based on phase relations deter-
mined in static high-pressure experiments [2-10]. 
Shock-induced melt veins contain two lithologies [2]. 
One consists of polycrystalline grains that transformed 
from host rock fragments by solid-state mechanisms. 
The other consists of quenched silicate and metal-
sulfide grains that crystallized from shock-induced 
melts. The crystallized mineral assemblages can be 
used to constrain the crystallization pressure of the 
melt based on phase equilibrium data [2-10].  

The key to using crystallization pressure of the 
melt vein minerals to infer the shock pressure is to 
understand when the melt vein crystallized [7]. The 
key question is: does crystallization pressure corre-
spond to the initial heterogeneous shock pressure, the 
equilibrium peak shock pressure or to some pressures 
along the adiabatic release path.  

Sample and Method: 7 L5-L6 chondrites were 
investigated, ranging from shock stage S3 to S6. These 
chondrites are Roy (S3-S5*), La lande (S4), Kunashak 
(S4), Nakhon Pathon (S4), Ramsdorf (S4), Umbarger 
(S4-S6*), and Tenham (S6).  

Transmission electron microscopy (TEM) was the 
primary tool for determining the crystallization assem-
blages in shock-induced melt veins. Mineral phases 
were identified on the basis of selected area electron 
diffraction (SAED) and quantitative energy dispersive 
X-ray spectroscopy (EDS) microanalyses 

Mineral assemblages & crystallization pres-
sures: The mineral assemblages in the shock-induced 
melt veins in our 7 samples are: 1) Roy S3-S5, ring-
woodite plus majorite, indicating crystallization pres-
sure ~20 GPa. 2) Kunashak S4 and La lande S4, albite 
and olivine, indicating crystallization at low pressure 
(<2.5 GPa), after shock pressure release. 3). Nakhon 

Pathon S4 and Ramsdorf S4, olivine and clinopyrox-
ene, indicating pressure less than 15 GPa. 4) Um-
barger S4-S6*, ringwoodite, akimotoite and clinopy-
roxene in the vein matrix, and Fe2SiO4-spinel and 
stishovite in SiO2-FeO rich areas of the melt vein. 
Both mineral assemblages indicate a crystallization 
pressure ~18 GPa. 7) Tenham S6, majorite and magne-
siowüstite in the center of the melt vein, and ring-
woodite, akimotoite, vitrified silicate-perovskite and 
majorite in the edge of the vein. Both mineral assem-
blages indicate crystallization pressure ~25 GPa. 

Our samples are grouped into three P-T areas 
based on mineral assemblages on the simplified Al-
lende phase diagram (Fig. 1): (1) Tenham (S6), Roy 
(S3-S5*) and Umbarger (S4-S6*) represent the highest 
pressure crystallization at 18 to 25 GPa. (2) Ramsdorf 
(S4) and Nakhon Pathon (S4) may have crystallized at 
pressures up to 15 GPa. (3) Kunashak (S4) and La 
Lande (S4) crystallized at pressure less than 2.5 GPa 
after pressure release. 

 
Figure 1. Three crystallization pressure regions of 

the shock-induced melt veins are illustrated on a sim-
plified version of the Allende phase diagram [11]. (De-
tail see text)  ol = olivine, cpx = clinopyroxene, rw = 
ringwoodite, maj = majorite, mw = magnesiowüstite, 
pv =perovskite.  

Crystallization model: Shock-induced melt veins 
are actually sheets of locally melted material, possibly 
the result of adiabatic shear behind the shock front. 
These sheets are analogous to pseudotachylites and   
contain entrained solid fragments. Our basic assump-
tion is that the mineralogy of a quenched melt will 
reflect the pressure at which crystallization occurred. 
This assumption is supported by close similarities in 
mineralogy, grain size, composition and microstruc-
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tures between mineral assemblages in shock veins and 
those from static experiments [11,2].  

The pressure distribution in a multi-phase sample 
is heterogeneous on the scale of the grain size at the 
shock front. However, these initial pressure differences 
equilibrate within 1 µs (for grain size < ~1 mm) to an 
averaged peak pressure, the same peak pressure of 
Stöffler’s calibration. Therefore, for a large impact, the 
pressure is effectively constant and corresponds to the 
equilibrium shock pressure. The hot melt vein 
quenches by thermal conduction with cooler host rock, 
independent of the pressure release.  With knowledge 
of material properties and initial matrix and vein tem-
peratures, one may calculate a cooling history for any 
point in the vein.  Three quench scenarios are depicted 
in Figure 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Pressure and temperature vs. time pro-

files for three quench scenarios.  
We can think of crystallization in terms of three 

scenarios: (1) The pressure pulse exceeds the duration 
of the total quench time and crystallization occurs at 
equilibrium shock pressure; (2) The pressure pulse is 
shorter than the total quench time resulting in quench 
through the equilibrium shock pressure and into pres-
sure release; (3) The pressure pulse is much shorter 
than the total quench time such that most of the quench 
occurs after pressure release. These scenarios should 
be reflected in the melt-vein mineralogy across the 
melt veins and pockets. If we see evidence for a nar-
row crystallization-pressure range throughout the vein, 
we can conclude that the crystallization pressure repre-
sents the equilibrium-shock pressure. If we see the 
same low-pressure assemblage throughout the vein, we 
can conclude that crystallization occurred after pres-
sure release. If we see a lower-pressure assemblage in 
vein center relative to the vein edge, we can conclude 
that crystallization occurred during pressure release. 

Discussion: Mineral assemblages of the melt veins 
studied here show some variations in assemblage, but 
no clear evidence that crystallization occurred during 
pressure release. We observe no variation in pressure 
assemblages across the veins and therefore infer shock 
pressures to have been either constant or very slowly 
decreasing during crystallization. We infer a maximum 
shock pressure of ~ 25 GPa for S6 samples. This is 
only half of the calibrated onset pressure for S6 in 
Stöffler’s shock classification. 

The discrepancy between the crystallization pres-
sures and the shock pressure calibration of Stöffler et 
al. [1] has been inferred to be a result of crystallization 
during pressure release from pressures in excess of 50 
GPa for S6 samples. However, there are not sufficient 
mineralogical variations, either as a function of vein 
width or position with a wide vein, in Tenham, Um-
barger or Roy to support the argument for crystalliza-
tion during pressure release. The melt veins cool pri-
marily by thermal conduction, and the temperature 
decrease due to adiabatic decompression is small. 
There is no reason that thermal quench of melt veins 
must coincide with decompression. For a shock event 
with long pulse duration, melt-vein quench, especially 
for narrower melt veins, should crystallize at the equi-
librium shock pressure. 

P, T 

Quench time

T in vein center

T in vein edge

T in host rock Conclusion: Based upon the assemblages ob-
served, crystallization of shock veins can occur before, 
during or after pressure release. When the assemblage 
consists of high-pressure minerals and that assemblage 
is constant across a melt vein or pocket, the crystalliza-
tion pressure corresponds to the equilibrium shock 
pressure. 
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Equilibrium shock pressures inferred from the 
mineralogy of shock-induced melt veins suggest that 
the pressure calibration of Stöffler et al. [1] is too high 
by a factor of at least two for highly shocked (S5-S6) 
chondrites. 

Time
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