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Introduction: Pallasites are among the most en-

igmatic of meteorites. They are of special interest 

because of information they provide about the interi-

ors of asteroidal bodies and the differentiation proc-

esses that occurred within them.  

Olivine and metal, the major constituents of pal-

lasites, have vastly different densities and chemical 

behaviors, which would suggest both physical and 

chemical incompatibility and belie their coexistence. 

Finding them in coarse-grained intergrowths adds to 

the puzzle of pallasite origin and how these minerals 

could have formed in this way, but there are disap-

pointingly few clues. 

The olivine grains in many pallasites are in single 

crystals several millimeters to a centimeter or more in 

diameter and, with few exceptions [1], they are the 

only silicates in these meteorites. Tomography shows 

they are interconnected and essentially close packed 

[2]. Other than the small, isolated inclusions, the oli-

vines are featureless, generally free of significant 

chemical zoning, and devoid of indications of their 

formation conditions or histories. Metallic spherule 

inclusions lie along what appear to be healed frac-

tures, but we believe these are secondary and these 

formed through late annealing [1]. Our focus here is 

on the linear inclusions. 

Background: Because of their clarity and appar-

ent simplicity, relatively little attention has been 

given to features within the olivine crystals. How-

ever, Buseck [1] described and discussed curious 

long, tubular inclusions that occur in parallel sets and 

that appear to be crystallographically oriented. 

Sinkankas et al. [3] subsequently described similar 

features in certain gem peridots from pallasites, and 

[4] reports them in the Omolon pallasite. Although 

these papers contain speculations about the inclu-

sions, they were limited to simple observations and 

provided few details about their orientations, con-

tents, or other features. 

We report here on inclusions in olivine in the Fu-

kang meteorite, a member of the Main Group of pal-

lasites that displays evidence of shock [5]. Figure 1 

shows sets of inclusions within a Fukang olivine. 

Experimental: We studied the microstructures 

and compositions of the inclusions using scanning 

electron microscopy, electron microprobe, high-

resolution transmission electron microscopy 

(HRTEM), energy dispersive X-ray spectroscopy, 

and electron diffraction. Samples were prepared by 

orienting crystals optically such that the long axis of 

the inclusions was normal to the section of the host 

olivine. The sections were then thinned by mechani-

cal polishing followed by dimpling and ion-beam 

milling with an Ar beam. Crystallographically ori-

ented samples were made using focused-ion-beam 

(FIB) milling. The inclusions are typically 100s of 

micrometers in length and a few micrometers in 

diameter.  

 

 

 
 

Figure 1. Optical microscope image of linear inclu-

sions in the Fukang pallasite as seen with crossed 

polars. 

 

Electron microscopy: Using electron diffraction, 

we found that the inclusions are rigorously oriented 

crystallographically, lying parallel to [010] and [001] 

of the host olivine. Thus, although at first appearance 

they appear as if they could have been formed by 

external processes such as tunneling by high-energy 

particles or radiation, such an origin is precluded by 

their orientational controls. 

Energy dispersive X-ray spectroscopy indicates 

the inclusions contain large amounts of Ca, Cr, and 

Al, with smaller amounts of Ti. Electron diffraction 

indicates they contain chromite, diopside and, in 

some inclusions, other minerals as well. HRTEM 

images show that they can occur in dendritic-like 

intergrowths with sharp boundaries to the host olivine 

(Fig. 2).  

An intriguing feature of the inclusion fillings is 

that they commonly exhibit pseudo-mirror symmetry. 

This feature is reminiscent of micro-twinning and 

perhaps even spinodal decomposition as might have 

occurred during a multi-step cooling process. 
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Figure 2. Bright-field transmission electron micro-

scope image of a cross section of a Fukang inclusion 

within olivine. The dark regions consist of chromite. 

The complex nature of the inclusion contents is strik-

ing, as is the sharp interface between inclusion and 

host olivine. 

 

At higher magnification it appears as if there is 

crystallographic continuity across the boundary such 

that the relation is epitactic (Fig. 3). We do not, how-

ever, find that relationship in all inclusions. Electron 

diffraction and energy dispersive X-ray spectroscopy 

show that the dark branch-like features within the 

inclusion are chromite spinel having a uniform crys-

tallographic relationship to the host olivine (Fig. 4). 

 

 

 

 
 

Figure 3. High-magnification image of part of Figure 

2. It shows the continuity of the chromite inclusion 

and host olivine, reflecting their epitaxial relation-

ship.  

 

 

 
 

Figure 4. Electron-diffraction pattern of inclusion 

(red) and bulk olivine (green) looking down the long 

axis of the inclusion, which is parallel to olivine 

[001]. The chromite branches exhibit a clear crystal-

lographic relationship to the host olivine. Here [001]ol 

|| [110]Chr and  [100]ol || [111]Chr  

 

 

Discussion: Needle-like inclusions of chromite 

have been reported from olivines within type II chon-

drules in meteorite MET 96503 and interpreted as 

exsolution products [7], but judging from the figures 

and description, they are not nearly as linear, narrow, 

or long as those observed in pallasites. Also, similar 

inclusions are not known from terrestrial gem peridot 

[6], crystals where they would be clearly evident and 

recognized if present. 

We tentatively propose that the Fukang inclusions 

formed by exsolution and acted as sinks for elements 

that were incompatible with the olivine structure as it 

cooled. By probing their chemical and structural de-

tails we hope to be able to gain insights into the con-

dition where they formed.  
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