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Introduction:  During the very earliest stages of 

thermal metamorphism of chondritic meteorites, a 

number of subtle, yet important chemical and textural 

changes occur that are extremely useful for assessing 

the degree of metamorphic equilibration experienced 

by individual meteorites. Among these changes, the 

behavior of Cr in ferroan olivines in type II chondrules 

has been shown to be a sensitive tracer of the very ear-

liest metamorphic processes [1]. This parameter has 

been widely adopted to classify low petrologic type 

chondrites, because it is simple to apply and appears to 

be robust, providing an unambiguous and consistent 

petrologic designation for ≤3.2 type chondrites.  

Despite the widespread application of the tech-

nique, there are a significant number of questions re-

garding the actual mechanisms of the behavior of Cr in 

ferroan olivine. These include the oxidation state of Cr 

in olivine and its response to thermal metamorphism, 

and the actual loss of Cr from the olivine. For example, 

[1] showed that submicron Cr-rich phases were exsolv-

ing within olivine as petrologic type increased, but the 

details of this process have not been studied.    

In this study, we are investigating the mechanisms 

of Cr redistribution from olivine, which, coupled with 

our parallel XANES investigations of Cr oxidation 

state in olivine [2,3], are providing a much-improved 

understanding of the behavior of Cr during the earliest 

stages of thermal metamorphism.  

Methods: We studied a thin section of the Kainsaz 

(CO3.2) chondrite fall, a meteorite that exhibits mod-

est, but limited, effects of thermal metamorphism 

[1,4,5]. The Cr contents of its ferroan olivine have 

been modified by thermal effects and evidence of re-

distribution of Cr is apparent [1]. Several type IIA 

chondrules were identified and imaged using a Tescan 

VEGA3 SEM. Chromium oxidation states were subse-

quently measured on several olivine grains in these 

chondrules, using microXANES as reported by [2,3]. 

Following the XANES measurements, FIB foils were 

extracted from one chondrule using a FEI Quanta 3D 

Dualbeam® FEGSEM/FIB for TEM analysis. TEM 

imaging was carried out on a JEOL 2010F FEGSTEM 

at the University of New Mexico, using a variety of 

imaging techniques and STEM X-ray mapping. X-ray 

maps were also obtained using a ThermoFisher Themis 

200 probe-corrected STEM at the University of Pitts-

burgh.  

Results: We extracted 3 FIB sections from a type 

IIA chondrule, two cut across a chromite-bearing vein 

that runs across the olivine and one parallel to the vein.  

In BSE images, the chromite vein appears to be 

completely homogeneous, but in the TEM, the vein is 

significantly more complex (Fig. 1). The vein is varia-

ble in width but always <0.3 µm over a length of 4 µm 

within the FIB foil. The vein is polycrystalline in char-

acter, consisting of a numerous interlocking grains that 

range from ~0.2-0.5 µm in size. The individual chro-

mite grains are densely packed with no interstitial po-

rosity, and they locally exhibit well-developed triple 

junctions indicative of textural equilibrium.   

STEM EDS X-ray maps show that the vein has a 

complex chemistry and that the individual chromite 

grains exhibit compositional zoning. Figure 2 shows 

that the chromite grains have higher Cr contents along 

their edges and have more Fe-rich cores. In addition, 

there is a distinct zone of enrichment in V, ~10 nm in 

width, in the chromite along each edge of the vein, in 

contact with the olivine.  
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Figure 1. Bright-field TEM image of polycrystalline 

chromite vein in type IIA chondrule olivine in Kainsaz. 
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 High-resolution TEM and electron diffraction 

studies of the chromite veins show that despite the pol-

ycrystalline nature of the chromite, many of the grains 

are crystallographically oriented relative to the adja-

cent olivine. Electron diffraction analysis shows this is 

the widely observed relationship between spinel phases 

and olivine, i.e. [010]ol//[112]sp and (101)ol//(111)sp.   

Bright-field and HRTEM imaging shows that the 

interface between olivine and chromite is not planar, 

but irregular in character with step features, as well as 

small protuberances of chromite, up to 40 nm in length 

that extend from the vein into the olivine. STEM X-ray 

mapping shows a small enrichment in Ca, just a few 

nanometers in width in the olivine immediately adja-

cent to interface where these steps are present. 

In addition, HAADF STEM imaging shows that 

planar defects are present within the olivine adjacent to 

the interface and within the olivine away from the vein. 

The defects have a higher Z contrast than the surround-

ing olivine. STEM EDS mapping shows that they are 

enriched in Cr, and based on HRTEM imaging, appear 

to be no more than 1-2 unit cells in thickness. Adjacent 

to the interface the defects are short, appear to origi-

nate from the chromite, and only extend into the olivine 

for up to 100 nm. Further from the vein, the defects are 

much longer, reaching up to 1 µm in length. Their dis-

tribution within the olivine is variable; locally they 

have a high density, but there also extensive regions of 

olivine where they are absent.  

Discussion: Chromite-bearing veins such as the one 

studied here are absent in lower petrologic type chon-

drites. Therefore it is clear that the veins are attributa-

ble to thermal metamorphism and are further evidence 

of the mobility of Cr even at the lower stages of ther-

mal metamorphism. Although there is a crystallograph-

ic orientation relationship between the chromite and the 

olivine, the edges of the vein are not parallel to any low 

index crystallographic plane in the olivine. This sug-

gests that the vein probably formed along a preexisting 

fracture within the olivine, not parallel to a cleavage 

plane, for example. The orientation relationship be-

tween chromite and olivine indicates that the spinel 

phase nucleated topotaxially on the olivine. The same 

orientation relationship has been observed between 

nanophase chromite grains and olivine along grain 

boundaries in AOAs in Kainsaz [7]. We assume that 

the earliest phase to form along the edge of the vein 

was the V-bearing chromite that occurs along either 

edge of the vein. This evidence argues for a high mo-

bility of V during the earliest stages of thermal meta-

morphism, an effect that has not been recognized pre-

viously in the CO3 chondrites. This zone is extremely 

narrow and very well-defined, suggesting that it repre-

sents a distinct, short-lived event. Subsequently, there 

was a transition to more Fe-rich chromite, which zones 

into more Cr-rich chromite at the grain edges (Fig. 2).  

 We interpret the Cr-rich planar defects within the 

olivine as representing the very earliest stages of exso-

lution of a Cr-rich phase. We have not yet demonstrat-

ed unequivocally that this phase is chromite, but this 

seems to be most probable. Therefore, rather than be-

ing defects within the olivine, the defects represent 

single unit cell-thick exsolution lamellae of chromite.  

These observations raise several questions regard-

ing the mechanism of formation of the vein and its rela-

tionship to the Cr-bearing lamellae. A key question is 

the source of the Cr (and Fe) to form the vein. It is pos-

sible that the vein formed from Cr that diffused out of 

the host ferroan olivine during thermal metamorphism 

and hence could have been entirely derived from within 

the grain. Alternatively, some or all of the Cr could be 

derived from an external source, possibly transported 

by a fluid phase. The fact that the vein occurs in close 

proximity to the exsolution lamellae argues against the 

Cr being derived from the olivine itself. Volume diffu-

sion of Cr out of the olivine into the vein would have 

resulted in a Cr-depleted zone adjacent to the vein, 

which would have inhibited exsolution. Instead, the 

relationships indicate that exsolution had already start-

ed within the olivine, before the vein formed and hence 

argues for an external source for most of the Cr and Fe.  
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Figure 2. STEM EDS X-ray maps showing the distri-

bution of Cr, Fe, and V in the chromite vein. The left 

image shows that Cr and Fe are distributed heterogene-

ously within the chromite with higher concentrations of 

Cr on the grain edges. The right image shows a zone of 

V enrichment in the chromite at the vein edges.  
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