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Introduction: Microstructures of extraterrestrial 

pyroxenes may bear information about prior thermal 
history, shock history, if any, and radiation damage. 
Related X-ray diffraction (XRD) studies are  comple-
mentary to transmission electron microscopy (TEM) 
studies: (i) a quantitative evaluation of Bragg intensi-
ties allows for an atomic structure analysis in particu-
lar a determination of cation distributions, cf. [1]; (ii) 
XRD reveals “global” microstructures due to long-
range coherency effects in contrast to local defect 
structures observable by  TEM; (iii) simultaneously 
recorded Bragg- and diffuse data provide information  
of both the average structure and the microstructure in 
one and the same specimen. Pyroxene single crystals 
from mars meteorite NWA 856 were studied under 
both aspects. Here we concentrate on the microstruc-
tural features. For comparison lunar pyroxenes were 
also investigated. Main diffuse diffraction phenomena 
are expected to be due to exsolution and superorder 
phenomena of pigeonite and augite lamellae in NWA 
856 as observed by TEM [2], polymorphic phase tran-
sitions (diffusive, spinodal, displacive) and  domain 
formation (after pigeonite inversion) which all con-
tribute to an understanding of thermal history, due to 
micro-twinning and stacking disorder indicating a 
prior deformation (impact) history, and/or due to to 
radiation damage giving rise to weakly modulated dif-
fuse background or diffuse halos around Bragg peaks. 

 
Experimental: In mm-sized sample material of 

martian meteorite NWA 856 pyroxene single crystals 
with low  (1-2°), moderate (8-12°), and large mosaicity 
co-exist. Indeed, diffraction patterns of specimens 
from the latter group resemble more a highly textured 
powder rings. However, apparently martian pyroxene 
single crystals do exist which is in contrast to that what 
is reported in literature. Different needle-like shaped 
and  µm-sized specimens (typically 3 x 5 x 50 µm) 
were isolated and investigated at the beam-line ID13 
of the ESRF synchrotron facility using wavelengths 
between 0.7 and 0.95 Å and CCD data recording. 
More experimental details are given in [1]. Lunar py-
roxene specimens of rock 75075 (Apollo 17 Mare 
Serenitatis) were studied at instrument F1 of the DESY 
synchrotron source (typical size 100 x 100 x 500 µm, 
wavelength 0.7 Å, CCD recording). Diffuse scattering 
of lunar pyroxene of same origin were studied earlier 
by conventional in-house XRD methods, cf., e.g., [3]. 

Results and discussion: Martian pyroxene: X-
ray patterns of a low-mosaic grain exhibit major pi-
geonite (P)  and minor augite (A) phase contributions. 
The synchrotron measurement did not reveal an or-
thopyroxene (opx) phase. This is in agreement with the 
observations by TEM [2] which was interpreted by a 
relatively high primary cooling rate down to 900-
1000° C. P and A reflections belong to only one A-P 
pair. The strong “a-type” reflection are accompanied 
by diffuse intensity extended along c* (Fig.1): 

 
 
Fig.1  Section around the (00-4) A/P reflection 

group of a martian NWA 856 pyroxene single crystal.  
 
This corresponds to a (001) lamellar structure of 

only one generation of exsolved A and P lamellae. The 
reflection widths indicate average coherence lengths (~ 
thicknesses of the lamellae?) of about 220 Å. This 
value is smaller than those reported in [2], but the exis-
tence of larger (thicker) domains cannot be ruled out: a 
quantitative analysis of the reflection widths in frame 
of domain-size-distribution theory  must be carried 
out. Anyway, lamellae with thicknesses of several 
1000 Å [2] could not observed (in this specimen). A/P 
lamellar superordering with periods of the order of  
1000 Å [2] , if any, could not be resolved by our XRD 
experiment. The very faint diffuse streaks between the 
reflection pairs (cf. Fig.1) may either by explained by 
the contribution of extended domain walls between A 
and P phases which exhibt a gradient of the c-lattice 
constants or by additional small high-pigeonite lamel-
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lae which are exsolved due to an incomplete (spinodal) 
decomposition of P within A lamellae as reported in 
[2]. The “b-type” reflections (h+k=odd) are only 
slightly broadened in h (corresponding to an antiphase 
domain size of 150Å) and do not show significant dif-
fuse contributions. That means an absence of a large 
amount of small pigeonite antiphase-domains and 
might be related to a slow cooling rate in the tempera-
ture range of the pigeonite inversion at T ~ 900°C. 
There is, however, the uncertainty of Ca-segregation at 
anti-phase-domain boundaries which makes the use of 
the sizes of APD’s for determining cooling rates 
doubtful [4] .  

X-ray patterns of the low-mosaic grain do not re-
veal cpx-twinning on (001) as reported for a Shergotty 
meteorite [5] and indicates no (strong) shock deforma-
tion. This conclusion is further supported – at least in 
this grain - by missing (h00) streaks or (100) twinning 
which could be related to mechanical stacking faults as 
consequence of plastic deformation due to a shock 
event. Generally same diffracation phenomena could 
be found in the “moderate-mosaic” grain which exhib-
its, in addition, weak diffuse streaks along [h21] both 
in P and A-phase. We may conclude that pristine mar-
tian pyroxenes are almost not mechanically deformed. 
A consequence of the impact event is basically brittle 
fracture of pyroxene crystals accompanied by wide 
spread distribution of mosaicity in different grains 
including, however, also those with low mosaicity. 

Finally it should be mentioned the all (strong) re-
flections exhibit very weak diffuse wings (“halos”). 
Relating this scattering to (strain fields surrounding) 
point defects which are caused by radiation damage, 
we may assume that this damage due to high energy 
particles hitting the material occurred after the impact: 
from the cationic distribution a cooling rate of the 
same sample material was deduced, cf. [1], which 
strongly indicates that the origin of the martian mate-
rial is not from surface-near lava, but rather from the 
interior, say few meters below ground, which was well 
protected from external (solar) radiation.  

Lunar pyroxenes. Numerous XRD single crystal 
investigations of lunar pyroxenes were carried out af-
ter availability of sample material in the course of the 
Apollo missions. We re-investigated some pyroxene 
specimens of the basaltic rock 75075 with synchrotron 
radiation to compare diffuse phenomena of martian 
and lunar specimens with same high resolution. Fig.2 
shows as an example the (002) reflection group. Most 
striking is the much more complex reflection pattern 
consisting of at least three generations of A/P lamellae 
on (001) which suggests – not surprisingly – a highly 
different prior thermal history. 

 
 
 
 Fig.2  Map of the diffuse intensity around the  re-

flection group (00-4) of a lunar rock 75075 pyroxene. 
 
There are several diffuse a-and b-type reflections  

due to A/P exsolutions both parallel to (001) and 
(100). Relating the a-type ones to domains with 
“C2/c”-structure, i.e. A-, average P-domains and A/P 
domain walls, we observe more “block-like” domains 
with average size of 215 Å whereas b-type ones relate 
to a significant amount of  P-antiphase domains with 
anisotropic size of roughly 210 x 175 x 150 Å  which 
well compare to the values given in [6]. Several 
streaks exist corresponding to lamellar stacking disor-
der and/or gradient structures. As also noted in [3] the 
“mosaic” of lunar samples is highly anisotropic: the 
misalignement of grains is basically around the b-
direction with mosaic angles up to 40°. Generally we 
may conclude that the microstructures of martian and 
lunar pyroxenes are highly different which reflects, of 
course, their different prior histories. This short com-
parison proves, however, that diffuse scattering is a  
rich source of information about microstructures in 
extraterrestrial material. 
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