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Introduction:  Our understanding of Mars is hindered 
in  light of a lack of sample return data from known loca-
tions.  However, the recent explosion of martian meteorite 
finds in hot deserts such as northwest Africa and their 
subsequent isotopic dating has led to better insight into 
what rocks were shocked and ejected at which impact 
events.  Further, field geology at terrestrial impact sites 
has led to an understanding of where shocked rocks are 
found and what processes are responsible for their em-
placement.  Because Mars sample return is decades away, 
in-situ dating instruments may be onboard upcoming 
landers.  However, even with these data, the identification 
of martian meteorite source regions could serve as addi-
tional locations to test the applicability of assigning crys-
tallization ages of samples to the surface age and associ-
ated crater counts [1].  

Further, as discussed here, the basaltic shergottites 
were likely ejected in a separate impact event from the 
olivine-phyric shergottites [3].  Are eight to perhaps 
ten basalts (Table 1) from one ejection event enough 
to describe the field geology of the region and locate 
the crater from which these basalts are from?  Obvi-
ously not.   But with the abundance of remote thermal 
infrared (TIR) data in the past decade and the recent 
and upcoming high resolution (either spatial or spec-
tral) data from the  HiRise, OMEGA, and CRISM 
instruments, an attempt is made here to describe the 
characteristics expected from the source crater.  The 
original vertical structure of the ejecta blanket is hy-
pothesized based on the terrestrial analog observa-
tions, and a tentative pre-impact stratigraphy is as-
signed based on geochemistry.  Based on analog 
fieldwork, the effects of degradation since crater for-
mation are predictable.  Lastly, spectral constraints are 
noted as they apply to TIR orbital data, and these data 
can be used for future searches with the recent VIS-
NIR instruments [4,5]. 
     Basaltic Shergottites: The basaltic shergottites are 
distinct from their olivine-phyric and lherzolitic coun-
terparts in modal mineralogy, geochemistry, and  

Here, it is suggested that the basaltic shergottite group 
of the three shergottite groups (and distinct from lher-
zolites and olivine-phyric) were ejected in an impact 
event distinctive from those which launched other sher-
gottites, Nakhlites, and Chassignites (SNC’s).  Whereas 
earlier work may have described olivine-phyric shergot-
tites as “basaltic”, Goodrich [2] provides geochemical 
evidence for a separate classification.  
  

Name pyroxene (pigeonite) maskelynite olivine
Crystallization 

 Age (Ma)
Ejection 
Age (Ma) Refs

EET79001 lith B 55-65 (32-54) 28-29 0 174 ± 3 0.7  4 
              

Dhofar 378 49 47 tr. 157 ± 24 3.0  29, 30 

Shergotty ~70 (35-36) 21-24 0 165 ± 4  3.0  3 

Los Angeles 40 44 ~2 170 ± 8 3.0  3, 23 

NWA 856 68 23 0 171 ± 10 2.9  3, 25 

Zagami 73 (half) 20 0 177 ± 3 3.0  3 

NWA 3171                     "subequal amounts” 0 "Zagami-like" 2.5 - 3.1  28 

NWA 1669 "Zagami / Sh ergotty-like" 0 n/a n/a  3, 31 

NWA 2975/2986 57.3* 38.3* 0 n/a n/a  26 

QUE94201 44 45 0 327 ± 10 2.8  3 

NWA 480/1460 72 25 0 345 ± 14 2.6  3,27 
Table 1. Mineralogies and geologic histories of the basaltic shergottites   With similar ejection ages and the low 
probability of multiple ejection events within a short time span, the six ~175 Ma basalts, two ~330 Ma basalts, and 
the two undated basaltic shergottites (preliminary geochemical trends suggest the younger crystallization age) likely 
were ejected in the same event.  A tentative stratigraphy is suggested and not definitively assigned by the order in 
the table.
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cosmic ray exposure (CRE) ages, which together with 
terrestrial age can be used to date the impact event that 
launched them from Mars [3]. Whereas the crystalliza-
tion ages of certain olivine-phyric and lherzolitic sher-
gottites are in the same range as the younger group of 
basaltic shergottites, the lherzolites have an older ejec-
tion event (3.9–4.1 Ma) and the olivine-phyric shergot-
tites (other than EET 79001 lithology A) have a younger 
ejection age (~1.1 Ma) [3].  This argues against break-
up in space affecting the CRE ages, as this would re-
quire a large ~10 m block breaking up, with three lher-
zolitic shergottites on the outside, the basaltic shergot-
tites on the inside, and three olivine-phyric shergottites 
even more centric.This scenario, though very unlikely, 
still cannot be discounted in light of the bias sampling 
of Mars, but is hardly the simplest explanation.   
Lithologically, whereas the olivine-phyric shergottites 
and lherzolitic shergottites contain olivine at ~15% and 
> 30%, respectively, olivine is nearly absent in all 11 
basaltic shergottites (Table 1).  The majority are domi-
nated by clinopyroxene, but three (Los Angeles, Dhofar 
378, and NWA 3171) can be described as richer in pla-
gioclase (refs in Table 1).  The lower (~0.7 Ma) ejection 
age of EET 79001, containing both ~175 Ma basaltic 
and ~175 Ma olivine-phyric lithologies, serves as a link 
between the two groups.  However, it is not known if 
EET 79001 was ejected in a distinctive impact event at 
~0.7 Ma or is the result of break-up in space of one of 
the two or more ejection events.  Perhaps future geo-
chemical analyses will link EET 79001 to one of these 
ejection events.  A preliminary observation noted here 
that distinguishes EET 79001 from the other basaltic 
shergottites is that lithology B is dominated by pi-
geonite, whereas the other basaltic shergottites have 
subequal amounts of pigeonite  and augite.  This is evi-
dent in the TIR spectrum of EET79001 lithology B [6]. 
   Analagous terrestrial shocked basalt: Lonar Crater, 
India, provides an opportunity to examine terrestrial 
shocked basalt similar to the shergottites [7-8].  Deccan 
basalt has been labeled as an excellent analog for Sur-
face Type 1, a orbital TIR spectral type from the Mars 
Global Surveyor (MGS) Thermal Emission Spectrome-
ter (TES) ground-truthed to be basalt by Mars Explora-
tion Rover (MER) instruments (Figure 1) [6, 9-12].  
Field geology at Lonar Crater reveals a double layer 
ejecta (DLE) structure, with the overturned ejecta blan-
ket near the original rim (where preserved) grading into 
the lower layer - an unshocked lithic breccia unit (Figure 
2).  The upper layer is a suevite breccia containing basalt 
clasts exposed to various degrees of shock pressure [7] 
(Figure 2).  This structure is identical to the “throw out” 
and “fall out” layers observed at Meteor Crater [20] or 
the Bunte Breccia and Suevite at Ries Crater [21].   

 
 
Figure 1. TIR spectra of basalts from far and near   Whereas 
the laboratory spectrum of Deccan basalt provides a good match 
to TES Surface Type 1 (ST1) [9], the same Deccan basalt shocked 
to Class 2 levels (20-40 GPa) [7] provides an excellent analog for 
the Los Angeles shergottite, as all four contain ~45% plagio-
clase/maskelynite and 35-40% clinopyroxenes augite and/or pi-
geonite.  This suggests that Los Angeles, and hence all the ~175 
Ma basaltic shergottites ejected in the ~2.9 Ma ejection event, 
could be from Amazonian terrains that have remote TIR signa-
tures of ST1.  The ~475 cm-1 feature in the shocked basalts is due 
to maskelynite glass. 
 
As the Coconino Sandstone is shocked from medium to 
high levels and distr ibuted in the Meteor Crater fall out 
layer [20], this suggests material deep in the target se-
quence is thrown to high heights in a plume and em-
placed is a base surge-like process [22]. 
The locality of Class 2 shocked basalt from Lonar Cra-
ter, India (Figures 2 & 3) and related field geology (Fig-
ure 2) has raised questions as to the mechanism that de-
livers shergottites to Earth.  While models cite spallation 
as the process enabling high-speed ejecta to reach Mars 
escape velocity (5 km/s), only a small (~200 m) near-
surface thickness of bedrock can be jettisoned [4].  
However, could the process that emplaced the fall-out 
ejecta layers seen at Lonar and other terrestrial sites also 
be responsible for ejecting shergottites from Mars?  To 
date, models of the impact process cannot account for 
the 5+ km/s needed to eject rocks from Mars.  The 
petrographic resemblance of Class 2 shocked basalts 
from Lonar to the basaltic shergottites (Figure 3) sug-
gests the process that emplaced these materials (Figure 
2) needs to be understood.   

The ipseity of Bounce Rock: A unique distal ejecta 
was found by the Opportunity Rover in March 2004 
[6,8,10].  Mossbauer, APXS, and Mini-TES spectra 
agree that this rock is chemically distinctive from any 
other rock or soil measured at any landing site on Mars 
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Figure 2 (bottom of page).  
Schematic diagram of the ejecta
structure of the Lonar Crater, 
India ejecta blanket 
The number on the clasts in the two 
impact breccia units indicates the 
shock level [7] of the basalt (“un” = 
unshocked).  The upper unit contains 
material shocked in the ranges that 
SNC’s are subjected to  (Classes 2 & 
3) in addition to impact melts 
(Classes 4 & 5) that apparently are 
not ejected from Mars.  The matrices 
are finely pulverized basalt with local 
glass beads/ spherules in the upper 
ejecta [7].  Erosion of near-surface 
fines leaves the clasts behind to form 
a lag that protects underlying fines 
from erosion until the eventual 
erosion of the clasts.

Figure 3 (below).  Petrography of intermediate (20-40 GPa) shocked Deccan basalt 
from Lonar Crater shown in plain polarized light (left) and the same view in cross 
polarized light (right).  Needles of former plagioclase are isotropic, indicating 
maskelynite.  This is nearly identical to the Los Angeles shergottite [23] and the thermal 
infrared spectrum of this sample is shown with that of Los Angeles in Figure 1.
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and is more similar to basaltic shergottites, containing 
~70% pyroxene, ~20-25% plagioclase, and no olivine 
[11-15].  Whereas the dust-removed TIR spectrum of 
Bounce Rock is not identical to those of basaltic sher-
gottites with similar modal mineralogy (Zagami, NWA 
2975), this is likely due to the effects of the 20–40 GPa 
of shock pressure that these basaltic shergottites re-
ceived (Figure 4) [4,16-18].  Thus, due to the effects of 
this shock pressure range converting plagioclase to mas-
kelynite and changing specific Si-O vibrations quanti-
fied by TIR emission measurements [17-18], the dust-
removed spectrum of Bounce Rock may represent an 
unshocked shergottite that would never be available in 
meteorite collections or spectral libraries [16], as all 
martian meteorites are shocked in the process that deliv-
ered them to Earth.  This is independent of the true ori-
gin of Bounce Rock.  The implications are that the Mini-
TES spectrum of Bounce Rock might serve as a viable 
end-member to use in deconvolutions of remote TIR 
(hyperspectral) data [19], as portions of the upper ejecta 
unit and the majority of the lower ejecta unit are un-
shocked basalts. 

 

 
 Figure 4.  TIR spectra of two basaltic shergottites 
and Bounce Rock.  The spectrum of Bounce Rock is 
from Mini-TES and derived from subtracting out both 
local surface dust (a dust observation from Meridiani 
named “Cool Whip”) and fines generated by the Rock 
Abrasion Tool (from another Mini-TES observation).  
The two laboratory spectra of the basaltic shergottites 
share similar absorptions with each other and with 
Bounce Rock.  As the modal mineralogy of Zagami is 
well-known [22] and the effects of the shock pressure 
range these shergottites have experienced on the TIR 
spectrum of plagioclase has been quantified [17-18], this 
suggests that all three have a similar modal mineralogy 
of ~70% clinopyroxene, but ~25% plagioclase in 
Bounce Rock and ~25% maskelynite in the two basaltic 
shergottites. 

Conclusions:  The ~2.9 Ma impact event that 
launched the ~175 Ma basaltic shergottites and perhaps 
the ~330 basaltic shergottites along with them likely 
produced an impact crater.  Based on terrestrial observa-
tions of small (1.2 – 1.8 km) and large (12 – 29 km)  
craters [20-22], two layers of ejecta were likely pro-
duced.  It is suggested that the lower, more extensive 
ejecta unit, or the “throw out” [20], is a lithic breccia 
with clasts of unshocked and slightly fractured (Class 1 
of [7]) basalt.  The upper ejecta unit, or “fall out” layer 
[Shoe], consists of a suevite breccia unit with the entire 
sequence of target rocks both unshocked and shocked 
through a large range of shock pressure to produce mas-
kelynite-bearing (Class 2) basalts through shock-melted 
impact melts and glasses (Class 5) [7].  Because the ~2.9 
Ma event ejected both pyroxene-rich shergottites such as 
Zagami and Shergotty along with maskelynite-rich sher-
gottites such as Los Angeles and NWA 3171, the Mini-
TES spectrum of Bounce Rock and ST1, respectively, 
might serve as their unshocked equivalents.  The sher-
gottites themselves, along with local impact melts found 
in the Lonar suevite layer, may serve as TIR end-
members for the shocked basalt clasts likely found in the 
suevite layer of the basaltic sherogottite source crater, if 
preserved after ~2.9 Ma. 
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