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Introduction:  The known sample population of 

lunar and martian meteorites collected from the Earth’s 
surface is relatively low (<250 combined). The im-
mense energy transferred during hypervelocity impacts 
with the Moon and Mars is responsible for their; 
shocked state, initial launch and subsequent trip to 
Earth. Shock-related melt veins and pockets in mete-
orites have been described for more than a hundred 
years, but similar features have seldom been described 
for the ~175 known terrestrial impact structures [1]. 

We report field-based, petrographic, Raman and 
analytical electron microscopic investigations of target 
anorthositic rocks located in the central uplift of the 
~90 km diameter [2], late Triassic [3] Manicouagan 
impact structure of Quebec, Canada. Sporadic occur-
rences of thin (<2.5 mm) milky-white veinlets exposed 
within the central uplift (Fig. 1) appear to be shock 
derived features similar to the shock veins observed in 
lunar, martian and asteroid meteorites (e.g., Sayh al 
Uhaymir 300, Zagami and Tenham). This study focus-
es on their field occurrence and description in order to 
relate their mode of formation with their contextual 
setting in a large terrestrial complex impact structure. 

 

 
Figure 1. Group of thin (<2.5 mm) white curvilinear shock 
veins in anorthositic target rocks from the central uplift of 
the Manicouagan impact structure, Quebec. 

 
Field Observations:  The shock veins occur in 

meta-anorthosite (plagioclase + opx + cpx + garnet) 
target rocks exposed in isolated areas of Mont de Ba-
bel and Maskelynite Peak on the central island Île 
René Levasseur. They are most commonly observed as 
clusters of thin (<2.5 mm), milky-white wisps that 
contrast with the more darkly weathered outcrop sur-

faces. Some clusters are dominated by curvilinear 
veins that display consistent angular relationships with 
respect to one another (Fig. 1). In contrast, others re-
flect more disorderly, web-like, anastamosing connec-
tivity. Intra-vein spacing ranges from centimeters to 
meters. Where shock veins are observed to coincide 
with pseudotachylite veins, cross cutting relations in-
dicate that the pseudotachylites were developed later, 
which is in agreement with findings at Vredefort [4]. 

Structural analysis comparing trend data from four 
exposures spanning the width of the uplift, suggest a 
radial symmetry with respect to the crater’s geometric 
center. This relationship does not appear to be linked 
to the local orientation of pre-impact metamorphic 
fabric (i.e., foliation). 

Analytical Methods:  Polished thin sections of 
shock-vein bearing host rock samples were initially 
investigated using optical microscopy. Backscattered 
electron (BSE) images and secondary electron (SE) 
images were obtained with the Planetary and Space 
Science Centre’s (PASSC) Hitachi SU-70 field emis-
sion scanning electron microscope (FE-SEM). This 
FE-SEM was also used for quantitative mineral analy-
sis (energy dispersive spectroscopy - EDS) utilizing an 
Oxford INCA X-ray microanalysis system equipped 
with a silicon drift detector. Operating conditions were 
15 kV Acc and 3 nA beam current at working dis-
tances of 14.8 - 15.2 mm with average acquisition 
times of 100 seconds. Natural minerals were used as 
standards for EDS analysis. 

Petrographic Observations:  The majority of 
veins observed consist of normal plagioclase glass, 
some of which initially mixed with partly digested 
mafic minerals (e.g., augite) and flowed, as evidenced 
by schlieren (Fig. 2). Displacements, where observed 
along these vein surfaces are <3 mm. 

Less common occurrences of igneous textures in 
microcrystalline groundmasses (bytownite) are also 
observed (Fig. 3). One sample predominantly displays 
a microbreccia texture of very finely comminuted wall 
rock that contains small zones of melt (<100 um2).  

Temperature excursions in the veins are con-
strained by plagioclase melting (~An60 @ >1400 °C), 
partial melting of augite (>1400 <1500 °C) and garnets 
remaining unaffected (<1650 °C). Plagioclase geo-
thermometry indicates that some melt injections crys-
tallized at ~1350 °C (~An74). Geochemical analysis of 
the melts indicates they are in situ (i.e., native to their 
host rock) and are not derived from an external source. 
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Figure 2. Portion of polished thin section CMB-08-208.1 in 
transmitted light. The dark portion of the central shock vein 
is milky-white in reflected light. Wall rock to the left of the 
vein is more fractured than wall rock to the right, which is 
noticeably annealed. Delicate schlieren can be seen in the 
shock vein having formed flow textures around mineral 
fragments (red star marks the analysis location for Fig. 4).  

 

 
Figure 3. High magnification view (4.5 k X) of a shock vein 
(blind termination injection type). Image mode is 50/50 mix 
of SE and BSE showing the igneous texture of a plagioclase 
microcrystalline groundmass (An74) surrounding a bleb of 
quartz (sample CMB-08-208.1).  
 

Significant pressure excursions (i.e., estimated 
peak shock pressures in the range of ~ 30 - 45 GPa) 
are indicated by the presence of, and association with, 
maskelynite [5]. Partially, to completely isotropic pla-
gioclase grains typically form zones 1 - 5 mm wide 
immediately adjacent to, and roughly parallel with, the 
shock veins. Raman analysis confirms the presence of 
maskelynite (Fig. 4). Other high pressure phases have 
not been recognized. Related bulk shock indicators 
include: microfaulting (offsets <2 mm); deformed me-
chanical twins in plagioclase and titanite; deformed 
exsolution lamellae in pyroxene; and planar fracturing 
in garnet, pyroxene and titanite. 

The high density of small-scale fractures developed 
in these rocks during in situ brecciation have since 
acted as hydrothermal pathways allowing for alteration 
of primary minerals to zeolites. Secondary phases are 
commonly associated with these veins in the form of 
prehnite, thomsonite and analcite. 
 

 
Figure 4. Raman spectra: spectrum at top is maskelynite 
(diaplectic plagioclase glass) displaying diminished intensi-
ties and broadened peaks (analysis location on sample CMB-
08-208.1 is given by red star on Fig.2). Bottom spectrum is 
for a non-shocked grain of labradorite from elsewhere on the 
same sample.  
 

Conclusions:  Shock melt veins observed in the 
central uplift at Manicouagan are interpreted to have 
formed as the shock front compressed and sheared the 
target rocks causing in situ brecciation and melting. A 
later increase in temperature is likely related to de-
compression and release after the rarefaction wave 
passed. This is indicated by the higher anorthite con-
tent of microcrystallites (Fig. 3) in some melt veins 
with respect to the host rock. 

Future study of these and similar shock veins in 
other terrestrial craters should provide further insight 
into the possible launch locations of meteorites on oth-
er planetary bodies. 
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