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Introduction: Vesicular glasses preserved in the thick 

loess-like sediments of the Argentine Pampas are interpreted 
to represent as many as seven different impacts since the late 
Miocene [1-3].  With the exception of those formed during 
the most recent Rio Cuarto event (2-6 ka) [1], unequivocal 
shock indicators (e.g., planar deformation features) in these 
glasses have not been reported. Instead their ages, extents, 
abundances, and geologic settings together with excellent 
petrographic evidence of extremely high transient tempera-
tures (e.g., baddeleyite and lechatelierite) and rapid quench-
ing support an impact origin [1-3].   

Typical shock indicators in quartz and feldspars might be 
exceedingly rare in pampean glasses due to the highly-
porous nature of the presumed target materials. Loessoid 
targets should facilitate both poor shock coupling [4] and 
high post-shock temperatures [5]; consequently, many of the 
few grains that do develop shock signatures may be ther-
mally altered or melted thereafter. Therefore, we have en-
deavored to identify shock indicators in minerals less suscep-
tible to the complications of impedance or digestion. Ilmen-
ite provides a good candidate because it is common in loes-
soid sediments, has a very high melting temperature [6], and 
is sensitive to shock pressures less than 10 GPa [7-9]. Initial 
results are presented here. 

Our examination of ilmenite and other metal oxides in 
450 ka Centinela del Mar (CdM) and 3.3 Ma Mar del Plata 
(MdP) glasses prompted us to survey all of the accessory 
phases. Our findings, thus far, have important implications 
for understanding the formation and emplacement of these 
glasses, the chemistry of the impact plumes, and what type 
of materials may have been excavated during the events.   

Shocked Ilmenite: Experimentally shocked ilmenite 
grains begin to develop mechanical twinning at about 3.5 
GPa [9]. Shock-induced twin planes are closely spaced and 
parallel to{ }1110 and (0001) [7, 9]. Static deformation pro-

duces planes parallel to{ }1110  and { }2110 [7]. Sclar et al. 
[9] concluded that basal twins form in response to high strain 
rates during the initial stages of a shock event while rhom-
bohedral sets form later in high temperature, lower strain rate 
regimes. Therefore basal twins observed in naturally de-
formed ilmenite could be an important shock indicator, espe-
cially in high-impedance target materials.  

 Some ilmenite grains in the MdP glasses exhibit regu-
larly spaced planar lamellae that may represent mechanical 
twinning. The most striking example is shown in Figure 1. In 
that grain, 2 µm wide zones are separated by narrower twin 
planes or basal partings. Near grain margins, these planes are 
sigmoidally deformed much like the twins in experimentally 
[9] and naturally [10] shocked ilmenite. We plan to confirm 
the orientation of these features using electron diffraction. 
Another remarkable feature of these planes is that they ap-
pear to be filled with glass similar in composition to the glass 
outside the grain. One scenario we have considered is that 
melt was injected along the planes/partings as they were 

developed. Subsequent shear pinched off some of the planes 
trapping folded stringers of glass inside the grain. This hy-
pothesis implies the type of dynamic processes that might be 
expected during an impact event. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Iron and Iron Sulfide Grains: CdM glasses contain 
relatively rare but ubiquitous grains, blebs, and spherules 
(≤80 µm across) composed chiefly of iron metal, troilite, and 
pyrrhotite. MdP glasses contain even less abundant, typically 
smaller, iron and pyrrhotite spherules. Iron metal grains con-
tain as much as 3 to 4 wt% phosphorous but do not contain 
more than a few hundred ppm nickel. Nickel concentrations 
in some troilite grains reach as high a 1000 ppm; but cur-
rently, we have no reason to suspect that any of these phases 
are related directly to the impactors.  

Although it is possible that some of the spherules formed 
as immiscible melts, we argue that many of the iron metal 
and iron sulfide particles condensed from vapor-rich impact 
plumes. Some of them (e.g., Fig. 2) are parts of multiphase 
aggregates that probably grew as elemental concentrations 
and environmental conditions changed within the vapor. The 
assemblage shown in Figure 2 is typical of the associations 
we observe. Calcium-rich phases (often a calcium phosphate) 
appear to have collected on iron sulfides which in turn rim 
iron metal cores. This particular aggregate appears to have 
impacted a vesicle wall (actually forming a tiny crater-like 
feature). The glass adjacent to the iron metal grain appears to 
be enriched in calcium. We suggest that one way of account-
ing for this enrichment would be if the vapor surrounding the 
grain had been composed of Ca or CaO and the subsequent 
“microimpact” implanted the gas in the vesicle wall.   

Barite and the Lechatelierite Bomb: Tiny barite nod-
ules, less than 20 µm across, are scattered throughout the 
CdM glasses. Euhedral barite crystals also commonly fill 
interior, isolated vesicles in the MdP glasses. These occur-
rences suggested that barium also might have been an impor-
tant constituent in the vapor plume which would imply that 

Figure 1. Backscattered electron micrograph of an MdP 
ilmenite grain. The set of closely spaced twin planes or 
partings are filled with glass, and some (arrows) are bent in 
a manner similar to experimentally and naturally shock-
induced mechanical twins [7, 9].  
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the impacts excavated buried marine sediments or possibly 
occurred offshore. Major and trace element data previously 
pointed to such a hypothesis for the CdM event [3].  How-
ever, we were concerned that the barite in both types of glass 
might be a secondary precipitant rather than a primary con-
densed phase.    

The most unusual object that we have encountered in the 
CdM glasses is a small medusa-shaped bomb of lechatelierite 
encapsulating a troilite spherule (Fig.3). The bomb demon-
strates two important points. First, the spherule contains a 
barite inclusion suggesting not only that barium could have 
been important in the vapor plume but also that conditions 
favored barite condensing before the iron sulfide. Second, 
the bomb attests that the formation of these glasses was not a 
static process. Its shape and flow structures suggest that it 
traveled freely, through a medium populated by iron sulfide 
spherules, before being injected into the melt breccia where 
it was found.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Multiple Melt Lithologies: The lechatelierite bomb also 
hints at the possibility that a quartz-rich lithology distinct 
from the loessoid sediments might have been present in the 
CdM target. Additional evidence that the CdM impact 
melted and mixed together multiple types of strata comes in 
the form of a ubiquitous bright yellow glass that often rims 
the margins of individual samples, forms isolated pockets 
near vesicles (and sometimes appears to flow out from 
them), and encloses individual quartz and feldspar grains 
(e.g., Fig. 4A). The melt that formed this glass appears to 
have had a lower viscosity than the surrounding pale yellow 
“normal” glass. It preserves numerous delicate structures 
(e.g., Fig. 4B) including turbulent waveforms. Low totals 
obtained during quantitative electron microprobe analyses 
suggest that the glass may be rich in water or other volatiles. 
Compositional X-ray maps indicate that it is calcium-
deficient compared to the “normal” glass.  Exactly what the 
precursor to this glass may have been is still to be deter-
mined.  
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Figure 3. Backscattered electron micrograph of a stream-
lined lechatelierite (Lch) bomb encapsulating iron sulfide 
spherules. The large troilite spherule contains a barite in-
clusion. 

Figure 2. Backscattered electron micrograph of a multi-
phase aggregate that appears to have lodged in the wall of a 
vesicle. The corresponding X-ray composition map illus-
trates the calcium enrichment in the glass adjacent to the 
iron metal grain. 

Figure 4. (A) Photomicrograph (plane-polarized light) of 
CdM quartz grain coated by bright yellow glass (arrows). 
(B) Backscattered electron micrograph shocking the com-
plex structures preserved in the yellow glass. 
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