
Quantification of shock stages in ureilite olivine in NWA 2221 by in-situ micro-X-ray diffraction.  Y. Li1, P.J.A. 
McCausland1, and R.L. Flemming1. 1Dept. Earth Sciences, Western University, London, ON, Canada. 
yli2889@uwo.ca  
 

Introduction:  Ureilites are among the most myste-
rious of the achondrite meteorites. Ureilites show both 
primitive geochemical characteristics and a suggestion 
of common planetary differentiation processes, making 
ureilites a unique meteorite type whose origin is still un-
clear. Ureilites consist mainly of olivine and pyroxene, 
with high abundances of carbon phases such as graphite 
or diamond, and accessory phases such as FeNi metal 
and sulfides. The composition of ureilites suggest that 
they underwent multiple melting and cooling stages, 
with plagioclase being completely precipitated out or re-
moved during the processing [1]. However, by compar-
ison with other achondrites, ureilites have retained high 
bulk abundances of trace siderophile elements, suggest-
ing that extensive differentiation processes involving 
metal segregation have probably not occurred [1].  

The role of shock has been documented and dis-
cussed in various ureilite petrogenesis models. An im-
portant effect of shock is modification of the ureilite 
parent body (UPB) after the plagioclase differentiation 
process. Shock may trigger smelting, metal fractiona-
tion and produce reduction textures due to sudden pres-
sure loss [2,3,4]. Polymict ureilites might also have been 
ejected and formed during such catastrophic events 
[5,6]. However, current shock classification of ureilites 
is mostly based on petrographic observations using the 
scheme for ordinary and enstatite chondrites [7]. Also, 
it is subjective, which may produce heterogeneities de-
pending on the researcher [1].  

This study uses in situ micro X-ray diffraction 
(µXRD) to study the shock stages of ureilite samples by 
quantitatively measuring the strain-related mosaic tex-
tures of olivine and pyroxene. These data are useful in 
combination with contextual petrographic observations. 
NWA 2221, a mild- to moderately-shocked ureilite [8], 
is primarily examined here. (Fig. 1). The overall objec-
tives of this study are to derive a systematic shock clas-
sification specifically for ureilites, and to further exam-
ine possible relationships between shock features and 
ureilite petrogenesis. 

Method: Micro X-ray diffraction (µXRD) provides 
a method for in situ examination of rock samples with a 
range of surfaces, from irregular fractures to cut sur-
faces and polished thin sections or probe mounts [9]. 
This study used the BrukerTM D8 Discover µXRD at 
Western University with a Cu Kα X-ray source (λ = 
1.5418 Å) and General Area Detector Diffraction Sys-
tem (GADDS) which obtains 2D diffraction patterns 

similar to Debye-Scherrer film. Strained minerals ex-
hibit streaks in these diffraction patterns on GADDS im-
ages, lying along the arc of Debye rings, or chi direction 
(χ) for each lattice plane with Miller index (hkl) (Fig. 1) 

Fig. 1 (A). Thin section photo of µXRD detection spot 
with image width of 2 mm and footprint of incident 
beam (red oval) 300 µm minimum width; (B) GADDS 
image of kamacite and a strained olivine at NWA 2221 
spot 8 (left). Box selects the streak of strained olivine 
along χ. The overlying plot shows intensity versus χ de-
grees with the interpreted peak. Measurement of 
FWHMχ was made for lattice plane {130} (right). 
 

The µXRD data of NWA 2221 was collected in both 
coupled-scan mode and omega-scan mode to vary dif-
fraction geometry and to obtain more lattice planes. A 
total of 22 locations on a cut NWA 2221 endpiece and 
58 locations on a polished thin section were collected. 
Context images for each targeted analysis location were 
taken during data collection, to identify visual textures 
associated with olivine and pyroxene grains.  

Mineral identification and lattice plane indexing was 
done by integrating each full GADDS image to produce 
a conventional diffraction plot of intensity versus 2-
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theta, for comparison with a searchable ICDD (Interna-
tional Centre for Diffraction Data) mineral database [9]. 
Portions of each GADDS image that contained diffrac-
tion streaks were then integrated to generate a 1-D peak-
shaped plot of intensity versus Chi degree. Measure-
ments of the full width at half maximum along the De-
bye rings (FWHMχ) provide a quantitative index of 
crystal strain-related mosaicity, or misorientation of 
subdomains or ‘mosaic blocks’ in a single crystal due to 
non-uniform strain (plastic deformation) [10,11,12]. For 
any given analysis location, multiple lattice planes are 
chosen to make the measurements of FWHMχ [9, 13]. 

FWHMχ	of olivine and pyroxene streaks with high 
signal-over-noise-ratio peaks are preferred because the 
baseline is easy to define.	Although olivine grains are 
primarily selected to make FWHMχ, pyroxene grains 
are also measured for comparison.  
Results: In thin section, NWA 2221 shows triple junc-
tion textures of olivine and pyroxene, a typical texture 
for ureilites (Fig. 2). Some olivine and pyroxene grains 
also have undulose extinction, implying a mild to mod-
erate final shock history [2,7].  

GADDS images for NWA 2221 show both streaks 
(Fig.1) and discontinuous “spotty rings.” “Spotty rings” 
tend to have more complex Chi plots that exhibit multi-
ple peaks, likely due to the grain mosaicity as strain was 
repsolved into domains. In analysis of preliminary data 
from 18 locations, we have chosen to interpret simple, 
well-defined peaks only. Half of these locations had 
simple peak matches with olivine, with multiple planes 
present in some cases.   

The forsterite planes {1,3,0} and {1,1,2} were the 
most common to occur with strong intensity and were 
chosen for measuring the FWHM𝜒, because their peak 
positions do not overlap badly with other minerals. 
Other planes, such as {1,2,0} and {1,2,2} also appeared 
less frequently at some locations but have not been sys-
tematically analyzed yet. 

The average FWHM𝜒 for	 lattice	 plane	 {1,3,0}	 is	
1.14	±	0.60	degrees,	and	for	 lattice	plane	{1,1,2}	 is	
0.98	±	0.50	degrees.	The	streak	lengths	for	the	two	
olivine	lattice	planes	agree	within	error	and	indicate	
a	 low	shock	stage	of	S1	to	S2	for	NWA	2221,	when	
compared	with	previous	µXRD work done on a suite 
of ordinary chondrites [14].	A	low	shock	stage	is	con-
sistent	 with	 petrographic	 observations	 of	 the	 sili-
cates,	 although	 it	 does	 not	 rule	 out	 possible	 post-
shock	annealing	prior	to	the	shock	event	which	pro-
duced	 the	present	 shock	stage.	 In	addition,	 further	
shock	may	be	present	 in	grains	which	do	not	have	
simple	peaks,	but	rather	have	more	complex	streaks	
reflecting	 stronger	 mosaicism.	 As	 of	 this	 writing,	
these	more	complex	peaks	are	to	be	analyzed.	

In	 further	work,	 these	results	will	be	compared	
with	 other	 shocked	 ureilite	 samples	 to	 develop	 a	
quantitative	 shock	 classification	 for	ureilites	based	
on	mineral	deformation. Future	work	will	also	focus	
on	pyroxene-group	minerals	in	the	ureilites,	and	the	
measurements	of	FWHM𝜒	for	orthopyr	oxene,	clino-
pyroxene	and	others	will	be	compared	with	the	re-
sults	from	olivine	to	explore	possible	differences	in	
how	these	ubiquitous	minerals	record	shock	meta-
morphism	in	ureilites.	 

Fig.2 Triple junction texture of olivine and pyroxene 
grains in NWA 2221. Red dash line denotes the junction 
texture along the grain boundaries. 
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