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Introduction:  Nakhlites are olivine-bearing 
clinopyroxene cumulates [e.g., 1]. Based on petro-
graphic characteristics, they may be divided into 
groups that cooled at different rates and may have 
been formed at different depths in a single flow [e.g., 
2, 3]. The order of cooling rate from slowest to fast-
est is NWA998<Lafayette < Governador Valadares ~ 
Nakhla < Yamato000593 < NWA817 ~ MIL03346. 
Nakhlite cumulus pyroxene grains consist of large 
cores that are nearly homogeneous in major element 
composition surrounded by thin rims that are zoned 
to Fe-rich compositions. Detailed study of these py-
roxenes is important because they retain a record of 
the crystallization history of the nakhlite magma. 
Moreover, because the composition of the nakhlite 
parent melt cannot be directly determined, “inver-
sion” of the major and minor element composition of 
the cumulate pyroxene cores can be used to estimate 
the composition of that melt. Thus it is important to 
understand the major and minor element zoning in 
the cumulus pyroxenes. While major elements are 
nearly homogeneous, minor elements exhibit distinc-
tive zoning patterns that vary from one nakhlite to 
another [e.g., 3,4]. This abstract reports unusual Cr 
zoning patterns in pyroxenes from MIL03346 (MIL) 
and contrast these with pyroxenes from Y593. 

Minor Element Zoning: Nakhlite pyroxenes are 
zoned in Al, Ti, and Cr. Al and Ti are strongly corre-
lated, but Cr is not correlated with these elements.  
Pyroxenes from slowly cooled nakhlites generally 
exhibit a bimodal zoning pattern for Al and Ti, but 
rapidly-cooled sample MIL has a single mode of Al  
concentrations (Fig. 1) [3]. The origin of this zoning 
is not completely understood. However, by analogy 
with pyroxenes from our experimental runs, we be-
lieve that it is likely produced by sector zoning dur-
ing growth.  

In contrast, Cr in slowly cooled samples exhibits 
only minor Cr zoning, but rapidly-cooled MIL py-
roxenes are strongly zoned in Cr (Fig. 3). Cr is de-
pleted in the central portions of the pyroxene grains, 
but enriched in the outer portions of the homogene-
ous cores, and then strongly depleted in the 
Fe-enriched outer rims. Cr zoning is not correlated 
with Al zoning. Except for the outer Fe-enriched rims, 
this zoning pattern is in marked contrast to that ex-
pected during normal fractional crystallization. 
Typically, early-formed, central portions of crystals 
are enriched in Cr and outer portions are depleted 
because Cr is a highly compatible element in olivine, 
pyroxene, and spinel, and is thus depleted from the 
melt during the course of crystallization, leading to 
decreases in Cr from core to rim. In contrast, MIL 

Y593

MIL

Y593

MIL

 
Fig. 1. Al maps of Y593 and MIL. Field of view is about 2 mm. 
Note patchy zoning in Y593, typical of zoning in slowly cooled 
nakhlites, and lack of zoning in MIL.  

 
Fig. 2. Histograms of Al content in nakhlite pyroxenes, arranged 
according to estimated cooling rates [2]. 
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pyroxenes exhibit an abrupt increase near the outer 
portion of the homogeneous core, then show the ex-
pected depletion in the late-stage Fe-enriched outer 
rim (Fig. 3).  

Discussion. The source of the unusual Cr zoning 
is difficult to understand. Fractional crystallization 
would be expected to produce the opposite pattern, 
i.e. Cr depletion from core to rim. One possibility is 
that the Cr zoning might reflect a change in oxidation 
state of the magma during crystallization of the py-
roxenes. Average D(Cr,Px/L) in our experiments in-
creases by nearly a factor of 3 as oxygen fugacity in-
creases from IW to QFM (Fig. 5). This probably re-
flects the ease of charge balancing in the presence of 
increased amounts of Fe+3. MIL has been reported to 
have large amounts of trivalent Fe compared with 
other nakhlites [5,6]. Whether this effect is responsi-
ble for the unusual zoning in MIL is yet to be deter-
mined.  
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Fig. 3. Microprobe profiles across MIL pyroxene in Fig. 3. Note that 
Cr enrichment is within homogeneous core (constant Fe/Fe+Mg). 
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Fig. 5. Pyroxene/melt partition coefficients from nakhlite crystalli-
zation experiments. Note that average D values increase from ~4 to 
~12 as oxygen fugacity increases from IW to QFM.  

Fig. 3. Cr map of MIL pyroxenes. Note Cr depletion in center of
grains relative to margin. Cr-enriched portion is outer part of core
that is homogeneous with respect to major elements. Arrow shows 
location of microprobe profile in Fig. 4. 
 
 


