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Introduction:  With the recent return of remote 

sensing evidence for aqueous alteration on Mars in the 
form of evaporates and other secondary minerals 
(MERs [e.g., 1] and Mars Express [e.g., 2]), under-
standing the differences between weathering processes 
on Mars and Earth becomes imperative. Martian mete-
orites provide the only available source of detailed 
geochemical analyses of Martian materials besides 
data returned by remote sensing. Alteration has been 
shown to occur quickly during a meteorite’s residence 
on Earth in both falls and finds and in both ‘hot’ and 
‘cold’ deserts [e.g, 3]. Many studies of alteration in 
chondrites are reported in the literature [e.g., 3-4]. 
Chondrites, in addition to any terrestrial alteration, can 
also be aqueously processed on their parent body [e.g. 
5]. Previous studies have identified several alteration 
phases in Martian meteorites [e.g., 6-10]. Like chon-
drites, which experience parent-body alteration, care 
must be taken to separate terrestrial and Martain aque-
ous alteration products, and a set of criteria are already 
in place to accomplish this task (see [7] for a review).  

Alteration in lunar meteorites has been largely 
overlooked (except [11], who studied terrestrial altera-
tion of 2 lunar anorthositic breccias), probably because 
it does not represent alteration on the parent body. 
Instead, since the Moon does not experience aqueous 
processes, all of the alteration is, therefore, terrestrial. 
This eliminates any uncertainty about the source of the 
alteration. And because of the similiarity of many ter-
restrial environments (e.g., the Dry Valleys of Antarc-
tica [7]) to potential environments on Mars, we can use 
the terrestrial alteration of lunar meteorites (esp. lunar 
basalts) as another analog to aqueous alteration on 
Mars. Here, we investigate the different styles of al-
teration in Martian meteorites and lunar meteorites to 
assess the importance of the parent material in style of 
alteration experienced. And we assess the value of 
studying alteration of lunar meteorites as a potential 
analog for weathering on Mars.  

Methods:  This is a preliminary study of alteration 
in various types of meteorites, and for this preliminary 
phase of study, SEM backscatter imagery and SEM 
EDS semi-quantitative point analyses and X-ray ele-
mental maps have been aquired for each meteorite: 2 
nakhlites and 3 lunar meteorites (2 basalts and 1 high-
lands regolith breccia). In addition, microprobe EMPA 
and a modal mineralogy map are available for Martian 
meteorite MIL 03346 [12]. In future studies, we will 
add more meteorites to the survey as well as additional 
analytical methods. 

Results and Discussion:   
Nakhlites. We obtained SEM backscatter images 

and EDS elemental data for 2 nakhlite meteorites: MIL 
03346 (which we previously studied in [12]) and Nak-
hla. MIL 03346 contains abundant augite and mesosta-
sis and a few vol% olivine. Nakhla has more olivine 
and less mesostasis. Alteration in these 2 meteorites 
appears similar in that the olivines are most affected, 
and they both contain evaporite minerals. “Iddingsite” 
is a product often formed during the alteration of oli-
vine [e.g., 7, 13]. Halites and clays were observed 
within olivine veins by [14]. Our Nakhla thin section 
contains a part of the fusion crust, and it can be seen 
intersecting with an olivine grain. Consistent with ob-
servations by [8, 15], vugs in the fusion crust contain 
terrestrial products rich in Al (aluminosilicates). New 
micro-Raman and Electron Microprobe EMPA analy-
ses acquired since [12] indicate that MIL 03346 con-
tains anhydrite not gypsum. Anhydrite is a Ca-sulfate 
generally stable at higher temperatures than gypsum. 
The anhydrite in MIL 03346 is found in veins in oli-
vine and in cracks in the mesostasis and pyroxenes. 
Anhydrite has been suggested as part of an evaporate 
sequence that could occur on Mars [16-17] and may be 
one of several aqueous processes occurring on Mars 
including groundwater melting and percolation of sur-
face waters, and more than one fluid chemistry may 
explain the variation in alteration products within and 
between nakhlites [e.g., 18]. 

Lunar  Meteorites. We also obtained SEM imagery 
and EDS chemical analyses for 3 lunar meteorites: 
NWA 032 (a lunar basalt which was previously stud-
ied by [19]), LAP 03632 (a recently discovered lunar 
basalt that is paired to LAP lunar meteorites from the 
collection year 2002 [20]), and MAC 88105 (a lunar 
highlands regolith breccia). NWA 032 contains oli-
vine, pyroxene, and chromite phenocrysts in a fine 
groundmass of radiating elongate plagioclase, pyrox-
ene, and ilmenite and equant troilite, plus rare Fe-metal 
[19]. LAP 03632 is dominated by elongate pyroxene 
and plagioclase laths and Fe,Ti oxides [20]. The center 
of our LAP thin section contains a large pocket of 
glassy melt. MAC 88105 consitsts mainly of impact 
melt breccia clasts as well as fragments of mineral 
grains (pyroxene, olivine, and plagioclase) and lithic 
fragments in a glassy matrix [e.g., 21]. 

Alteration in NWA 032 is much more pervasive 
and extensive than in either of the other 2 lunar mete-
orites studied here. Ca (carbonate) fills large cracks 
throughout the thin section (Fig. 1). Olivines and py-

Lunar and Planetary Science XXXVII (2006) 1652.pdf



roxenes are extensively weathered and have numerous 
voids and cracks. Alteration in LAP 03632 is limited, 
but we did find some alteration of pyroxene and FeTi-
oxide (Fig. 2). Al is added to vein material in pyrox-
ene, and Ca-S (sulfate) precipitated onto Fe,Ti-oxide. 
MAC 88105, despite its long terrestrial residence in 
Antarctica (~230 Ka [22]), shows much less weather-
ing than NWA 032 (which has a terrestrial age of <10 
Ka [23]), illustrating the importance of environmental 
conditions. Rare Ca (carbonate?) deposits were identi-
fied in one crack (Fig. 3), and the source of Ca may be 
the adjacent pyroxene. 

Conclusions:  Because different minerals have dif-
ferent dissolution rates, the mineral assemblage of the 
meteorite plays a strong role in the style of aqueous 
alteration experienced. In each meteorite, we see a 
style of alteration that is dominated by alteration of the 
most vulnerable minerals and precipitation from fluids. 
Secondly, we expect the solution chemistry to affect 
the style of dissolution; depending of the composition 
of pore water and pH, different ions will have varying 
solublities. We also observe environmental conditions 
to play a strong role in the style of aqueous alteration 
experienced as alteration rates vary with temperature 
and availability of liquid water. Finally, we find that 
lunar meteorites can provide useful information about 
terrestrial alteration in Antarctica (and other terrestrial 
environments). Antarctic weathering is often cited as a 
good analog for Martian aqueous alteration [e.g., 7], 
and by studying alteration products in lunar meteorites, 
we can gain insight into weathering in a potential Mar-
tian analog environment.  
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Fig. 1: NWA 032, SEM BSE with color elemental X-ray 
map overlain. Blue=Ca (carbonate veins running 
throughout an olivine and a chromite), Yellow=Fe (oli-
vine), Green=Al, Pink=Ti, Orange=S (sulfides) 
 

 
Fig. 2: LAP 03632, SEM BSE. Alteration of pyroxene 
has left the veins rich in Al. Ca-sulfates have been de-
posited onto an Fe,Ti-oxide. 
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Fig. 3: MAC 88105, SEM BSE with color elemental X-
ray map overlay. Blue=Ca (carbonate?). 
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