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Studying shocked meteorites of diverse origin can 
help understand the impact dynamics at different 
stages of evolution within the Solar system. 
Deciphering the shock history for each meteorite thus 
becomes a key issue because the duration of the peak 
shock pressure recorded in the meteorite is directly 
related to the size of the impactor responsible for the 
shock.  

The peak pressure is usually established by 
comparing the deformation and transformation features 
observed in natural meteorites with those induced in 
experimentally shocked samples [1]. Alternatively, 
peak pressures can be inferred using a combination of 
mineralogical phase transformations and high-pressure 
crystallization occurring within shock melt veins 
(SMV) [2]. The SMVs result from high strain rates and 
frictional heating that are present during the pressure 
increase [3, 4]. The peak pressure developed within the 
SMVs is hydrostatic and it is constrained to be 
identical with their surroundings due to stress 
continuity. The temperature within the SMVs is 
significantly higher (by up to 2500 K) than in the 
whole rock, leading to the formation of high-pressure 
assemblages and chemical diffusion that do not occur 
in the bulk. Here we have measured the concentrations 
of trace elements (Mn, Ca, Ba, Cs, Sr) in high-pressure 
minerals that crystallized during the peak pressure 
pulse. The element concentrations were obtained on a 
nanometer scale using secondary ion mass 
spectrometry (nano-SIMS). The partitioning of these 
elements between coexisting phases was then used to 
constrain the duration of the peak pressure pulse. We 
tested this approach on meteorite samples (Tenham L6 
chondrite; Zagami shergottite) for which the shock 
histories were already well-characterized.  

The mineralogy of SMV in Tenham is dominated 
by the high-pressure polymorphs of (Mg,Fe)2SiO4 and 
(Mg,Fe)SiO3. Plagioclase transformed to hollandite 
during the shock, and the assemblage magnesiowüstite 
+ majorite crystallized from the melt [2]. These 
observations indicate that the pressure and temperature 
conditions developed within the SMVs were 23-25 
GPa, consistent with the lower bound on the peak 
shock pressure estimated from textural evidence, and 
around 2500 K (±100 K). The replacement of olivine 
by ringwoodite lamellae forming along 
crystallographic orientations is one of the characteristic 
high-pressure transformation features in the SMVs. 
Quantitative trace element mapping shows that the Ca 
contents are nearly identical in both phases, but that 

ringwoodite is depleted in Mn. This result indicates 
that Mn has had time to diffuse during the peak shock 
pressure timescale, whereas Ca has remained immobile 
though a partitioning is expected. Using known 
diffusion rates, it is possible to calculate diffusion 
lengths for the two elements, as a function of peak 
shock pulse duration and cooling rate. Those 
calculations led to a bracketing of the shock duration 
between 0.5 and 4 s. A test to this approach can be 
done by calculating the expected size of lamellae using 
the kinetics of the transformation [5]. 

In Zagami, a basaltic shergottite, the SMVs 
mineralogy is dominated by K- and (Ca,Na)-
hollandite, stishovite, omphacite, akimotoite and 
amorphous grains of former silicate perovskite. In the 
SMV studied here, K-hollandite is associated with 
stishovite, interpreted as a liquidus assemblage [3]. 
The matrix is mostly composed of quenched glass 
associated with the liquidus majorite + magnesio-
wüstite assemblage. From these observations, the peak 
shock pressure and temperature are estimated to be 22-
23 GPa and 2400-2500 K[6]. The shock duration was 
then obtained from studying trace-element 
concentrations determined for 10 µm-sized liquidus 
aggregates of K-hollandite surrounded by stishovite 
grains using nano-SIMS. The concentrations of Cs, Ba 
and Rb in K-hollandite are higher than those for the 
host rock, or those measured outside the SMVs in 
maskelynite grains (Table 1). Surrounding minerals are 
also largely depleted in these elements compared with 
K-hollandite (Table 1).   

The observations are consistent with trace-element 
fractionation between silicate melt and K-hollandite 
aggregates during the high pressure shock event. The 
crystallization of the K-hollandite can begin as soon as 
the shock-induced silicate melt appears and the 
pressure attains 23 GPa. At the end of the peak shock 
pulse, as P drops below 23 GPa, the vein remains 
molten and lower pressure mineral phases are formed. 
The time required for trace elements to diffuse into the 
K-hollandite thus provides a means of calculating a 
maximum value for the duration of the peak shock 
pressure. The amount of each trace element within K-
hollandite aggregates is calculated from the measured 
concentrations assuming a particle spherical in shape. 
The starting chemical composition of the melt is 
assumed to be that of the whole rock since the melting 
process is shear-induced and the SMV’s cut across the 
whole sample. The corresponding spherical volumes 
(radii Ri) of melt fractions containing the same amount 
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of Cs, Ba and Rb as the K-hollandite aggregate. The 
diffusion length for each element to enter the K-
hollandite aggregates is then (Ri-r) where r is the radii 
of the K-hollandite aggregates. The time required for 
these elements to diffuse over the distance (Ri-r) can 
thus be calculated. The crystallization temperature of 
K-hollandite from the high-pressure melt is 
constrained by the phase diagram of basaltic rocks (T = 
2450 ± 50 K, 23 GPa). Using these assumptions, the 
peak shock pressure duration calculated for all three 
trace elements is on the order of ~20 ms. 

The shock pulse durations in Zagami and 
Tenham are ~0.02 s and ~1 s respectively, and these 
are correlated with the size of the impactors by the 
impact velocity. For the Martian meteorite with a 
typical impactor velocity of 10 km.s-1, the 
corresponding impactor size is 0.2 km, and for Tenham 
(velocity 5 km.s-1) it is approximately 5 km. Generally, 
the Pi-scaling relation [7] relates the size of the 
impactors to that of the craters formed on the target 
planet or body. Introducing in this relation an equation 
that links the shock duration, the impactor velocity and 
the crater size one can compute the expected crater size 
as a function of the impactor speed for different shock 
durations (Fig .1).  Using the shock durations in 
Zagami inferred from the Ba, Cs and Rb diffusion data, 
and usual asteroid speeds (5-20 km.s-1), the crater size 
should not exceed 10 km. Using the mean speed of 
Mars-crossing asteroids (9.3 km.s-1) in these 
calculations, the crater size on Mars should range 
between 1500-5000 m (corresponding to impactor 
sizes of 90 and 280 m). Recent calculations show that 
shergottites are likely ejected from small craters (~3 
km [8]). This result is consistent both with our shock 
duration data, and with the “young” ejection ages 
determined for the shergottites (on the order of 105-107 
years [9]). The sizes of the ejected spalls [7, 10], i.e. 
the sizes of Martian meteorites arriving on Earth, 
ranges from a few centimeters to a few tens of 
centimeters (Fig. 1), in excellent agreement with the 
actual size distribution of shergottites. Many 
shergottites possess similar ejection ages to Zagami 
suggesting that they originate from the same shock 
event on Mars. Given the small crater size that we 
infer, it is further suggested that all these rocks of 
distinct petrology, magmatic ages (180-350 Ma), 
chemical and isotopic composition could have 
coexisted on Mars within a few square kilometers of 
each other, to a depth of a few hundred meters.  
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Element Cs 
(µg/g) 

Rb 
(µg/g) 

Ba 
(µg/g) 

    
[Maskelynite]µg/g u.d. 1.6 ± 0.1 25.5 ± 0.7

[Bulk rock]µg/g 0.37 5.32 22.3 

[K-Hollandite]µg/g 22 ± 2 495 ± 30 1520 ± 20
        
 
Table 1: Cs, Rb and Ca concentrations measured in 
maskelynite and K-hollandite from the Zagami shergottite. 
Bulk rock concentrations are also presented. (u.d. = under 
detection limit). Bulk rock data from [11]. 
 
 
 
 

 
 
Figure 1: Estimated source crater diameter from the 
partitioning of the three elements Rb, Cs and Ba, as a 
function of the impactor vertical speed (solid line). The 
mean speed of Mars-crossing asteroids is presented 
[12].  Dashed lines correspond to the size of the ejected 
spalls. 
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