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Introduction:  NWA 7533 (and paired meteorites) 

is a Martian regolith breccia [1-3]. It contains a suite of 

coarse-grained igneous clasts cemented by an abundant 

fine-grained interclast crystalline matrix. The matrix 

material is dominated by low-Ca pyroxene and plagio-

clase feldspar for which the compositions are close to 

that of the coarse grained fraction of the rock [1]. Fe-

oxides grains (magnetite and maghemite) are also 

abundant but comprising <20 wt. % to a lesser extent. 

Water-rich phases were also identified in this fine-

grained matrix. They include hydrous Fe oxide phases, 

phyllosilicates (saponite) and Cl-rich apatite [4]. The 

Fe oxides and Fe-hydroxide phases reveal that the 

breccia could have been affected by secondary pro-

cesses involving water on Mars [1,4].  

In this study, we investigated by analytical trans-

mission electron microscopy (ATEM) the chemistry 

and the microstructure of the fine-grained matrix of 

NWA 7533 in order to better characterize the mineral 

assemblage and to gain information on formation 

mechanism(s). 

Methods:  A section of NWA 7533 was first stud-

ied by scanning electron microscopy (SEM). Three 

fine-grained matrix areas were selected for the extrac-

tion of electron transparent sections (~100 nm thick) by 

the focused ion beam (FIB) technique. The FIB work 

was done using a FEI Strata DB 235 at IEMN at the 

University of Lille, France. The FIB sections were 

studied by TEM with a FEI Tecnai G2-20 Twin (LaB6, 

200 kV) and a Philips CM30 (LaB6, 300 kV) at the 

electron microscopy center of the University of Lille, 

France. Both instruments are equipped with an energy 

dispersive spectrometer (EDS) for elemental microa-

nalysis.  

Results:  The three FIB samples studied have com-

parable microstructure, suggesting that the fine-grained 

matrix is fairly homogeneous in the rock. Figure 1 

shows a scanning TEM low magnification view of the 

fine-grained material. The assemblage is strongly dom-

inated by low-Ca pyroxene and feldspar grains. The 

average grain size is close to 300 nm. The shape of the 

grains is irregular but the grains are well interspersed 

with each other. As mentioned earlier for the NWA 

7034 paired meteorite [4], frequent triple junctions are 

present. Compositions of the low-Ca pyroxenes range 

from En64 to En74. These pyroxene grains contain a 

high density of planar defects on (100) corresponding 

to thin alternating domains of clino- and ortho-

pyroxene. Most of the feldspar grains are plagioclase 

(from An14 to An57) with minor alkali feldspar. Three 

large (> 1 µm) grains of Cl-rich apatite have been iden-

tified. Apatite grains contain crystal defects, mostly 

dislocations organized along regular subgrain bounda-

ries or deformation bands. Fe-oxides, for which the 

electron diffraction patterns are compatible with mag-

netite, are distributed throughout the matrix. The grain 

size ranges from 1 µm to a few nm. When small, Fe-

oxides are preferentially located in the pyroxene-

feldspar grain boundaries but are also present within 

the pyroxene grain interiors. In this latter case, they 

have a significantly lower size compared to the grains 

within the grain boundaries. 

 

 
Figure 1: Low magnification dark-field  STEM image 

of the fine-grained matrix of NWA 7533. The dark gray 

areas correspond to feldspars. The medium gray cor-

responds to low-Ca pyroxene. The bright grains are 

Fe-oxides.  

 

One of the most remarkable characteristic of the fi-

ne-grained matrix is the thickness of the grain bounda-

ries. Most of the grain boundaries are thick (typically 
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10 to 20 nm) and filled with a low density amorphous 

material  (Fig. 2 & 3). Intergranular porosity is also 

abundant, in particular at triple junctions. At high mag-

nification, the intergranular material has a spongy ap-

pearance and frequently contains small bubbles. This 

material is very sensitive to the electron beam and its 

appearance may change during the observation, from 

spongy to smooth appearances. So far, we did not iden-

tify phyllosilicates, as reported earlier in NWA 7034 

[4-5].  

 

 
Figure 2: TEM bright-field image showing the thick 

grain boundaries, filled by a low density material. 

Note also that the porosity is preferentially located at 

triple junctions (brighter areas).  

 

 
Figure 3: High magnification bright field TEM image 

showing the interstitial amorphous material in a grain 

boundary.  

 

The chemical analysis of grain boundaries is diffi-

cult because of their low density and thickness (com-

pared to that of the FIB samples, about 100 nm). 

Chemical maps and profiles across grain boundaries 

revealed a variable chemistry, depending on the grain 

boundary studied. In some cases this intergranular ma-

terial seems to have the same composition as that of the 

adjacent grains, but for a number of other grain bound-

aries we detected a clear and significant enrichment in 

SiO2 (typically from 55 wt.% in pyroxene to 70 wt.% 

in grain boundaries). Some of the boundary materials 

are rich in Cl and Ca. 

Discussion and conclusion:  The matrix of NWA 

7533 is a sub-µm granoblastic assemblage composed 

of grains whose compositions are related to the larger 

clasts. This mineral assemblage is partially sintered. 

Although some well equilibrated triple junctions are 

observed, most grains have preserved an irregular mor-

phology and porosity at triple junctions. This texture 

suggests a moderate annealing intensity, corresponding 

to a brief heating event or during a longer time at rela-

tively low temperatures, as already reported earlier [5]. 

The vast majority of the grain boundaries are destabi-

lized, as evidenced by their substantial thicknesses and 

the presence of a low density amorphous material hav-

ing variable compositions. A possible explanation may 

be advanced in light of the pyroxene decomposition 

into silica and Fe-oxide identified in coarse pyroxene 

clasts [6]. This reaction could also have concerned the 

small pyroxene grains of the matrix and could have led 

to the formation of Fe-oxides and silica enrichment of 

the grain boundaries. To occur, this reaction requires a 

high temperature and a high oxygen fugacity, at least 2-

3 log unit above FMQ [7], consistent with a water-rich 

environment. Another plausible explanation concerns 

modifications which probably occurred during the pro-

longed stay of NWA 7533 and its paired meteorites in 

hot desert conditions. During this period, the rocks 

were exposed to alteration at low water/rock condi-

tions, during which pyrite was partly replaced by Fe-

oxyhydroxides [8], leading to highly acidic conditions 

which could have enhanced the grain boundary altera-

tion of the fine-grained matrix.    
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