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Background: The HED meteorite suite is the most 

abundant set of achondrite meteorites. Peak impact pressures 
indicate that they originated on a small body [1], and they 
have been spectrally linked to the asteroid Vesta [2, 3]. The 
eucrites are the most differentiated of the HED group and can 
be divided into four subgroups [4, 5]: main group trend 
(MGT), Nuevo-Laredo trend (NLT), Stannern trend (ST), 
and cumulate eucrites (CE). The MGT is the most populous 
group and is thought to represent the primary magma from 
which the eucrites originated. The NLT is higher in Fe, 
suggesting an evolved composition, likely derived from 
MGT via fractionation of pyroxene. The CE group is lower 
in Fe, suggesting a cumulate origin. The ST is higher in 
incompatible trace elements while similar to MGT in major 
elements, suggesting some form of enrichment process. 
Previous models typically use oxygen isotope similarities to 
distinguish eucrites from different parent bodies (ex: Ibitira), 
and whole-rock compositions to model the melting and 
crystallization processes [4, 6, 7], although many mineral 
models have been attempted [8-10]. This study compared 
pyroxenes in three meteorites of known bulk composition 
and one texturally heterogeneous meteorite of unknown bulk 
composition (Northwest Africa 6475) to examine the 
assumption that eucrite meteorites with matching oxygen 
isotope compositions are cogenetic. 

 
Data and Modelling: The oxygen isotope composition 

of NWA 6475 was determined by laser fluorination of acid-
washed substrates on two sample splits from an igneous 
clast, and the oxygen isotope composition falls along the 
mass-dependant fractionation line for the majority of eucrites 
[11]. Major (Si, Fe, Mg, Ca) and minor (Ti, Al, Cr Mn, Ni, 
Na) element mineral compositions were determined by 
EMPA, and trace element (Sc, V, Sr, Y, Zr, Nb, REE, Hf, 
Ta) mineral compositions by LA-ICPMS. Analyses were 
averaged by pyroxene, then the group average determined for 
each meteorite. A subset of these elements (and elemental 
ratios) distinguish the eucrite compositions (Tbl. 1), and 
were selected for modeling. 

 
Table 1: Meteorite Pyroxene Chemical Features 
Element(s) Juvinas Igdi Stannern NWA 6475 
FeO/MgO 2.69 3.59  2.71 2.46 
Cr2O3 (wt%) 0.52 0.46  0.43 0.24 
La (ppm) 0.36 5.1 . 2.8. 1.2. 
La/Sm 0.15   0.90 .  0.73 0.21 
Sc (ppm) 52 55 45 61 
 

Petrogenetic models were attempted based on mass-
balance constraints and partitioning coefficients (Tbl. 2). 
MELTS models were attempted, but failed to replicate 
known crystallization sequences. 

Five elements were of primary interest in the petrologic 
modeling: Fe, Mg, Cr, La, and Sc. Fe and Mg are major 
elements and their ratio in a magma can be changed by 
fractionation of pyroxene, so they trace the evolution of a 
eucritic composition. Cr is a sensitive tracer of cumulate 

fractionation as it is highly compatible in pyroxene. La is an 
incompatible trace element in both plagioclase and pyroxene, 
while Sc is incompatible in pyroxene but compatible in 
plagioclase. These five elements capture most of the detail in 
the expected fractionation and assimilation processes. 
 
Table 2: Model Partition Coefficients [4, 12-14] 
Mineral Element(s) Partition Reference  
Pyroxene FeO/MgO 0.30 Stolper, 1977 
Pyroxene Cr 5.2 McKay, 1976 
Pyroxene La 0.06 Schwandt, 1998 
Pyroxene Sc 1.4 McKay, 1976 
Plagioclase Cr 0.04 Aigner-Torres, 2007 
Plagioclase La 0.065 Aigner-Torres, 2007 
Plagioclase Sc 0.016 Aigner-Torres, 2007 
 

Results: The simple fractionation model of a MGT 
composition to form NLT pyroxenes fails to reconcile 
changes in Fe/Mg with the abundance of Cr, La, and Sc (Fig. 
1 & 2). Cr is depleted too rapidly to reconcile the change in 
Fe/Mg. La is never sufficiently enriched during fractionation 
to generate the observed NLT composition. 

A previous “assimilation” model [15] is, in fact, 
calculated for magma mixing of primitive eucritic magma 
with a eucrite 5-15% partial melt. Although this model does 
enrich La preferentially, it also enriches Sc too rapidly to 
account for the change from MGT to ST (Fig. 3). It is also 
physically implausible, given the quantity of partial melt 
involved. A true coupled assimilation and fractional 
crystallization (AFC) model fails to enrich La sufficiently 
compared to Sc to generate the ST from an MGT 
composition (Fig. 4), even given the relaxed thermodynamic 
constraint of pure zone refinement (crystallization rate = 
assimilation rate, the thermodynamic limit for crystallizing 
eucritic liquid to melt eucritic solid). 
 
 

 
 
Figure 1: Major element fractionation trends for calculated liquids 
from eucritic pyroxenes. The models started with the Juvinas liquid 
and fractionated either pure pyroxene or a 50:50 pyroxene-
plagioclase mixture (eucrite). Tick marks are shown at 10% 
incremenets. 
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Figure 2: Trace element trends for the same two models. 
Additionally, a 70:30 model is shown to demonstrate that a mixture 
may preferentially enrich La, but not sufficiently to reach the 
concentration of Stannern or Igdi. Tick marks are at 10% increments. 

 

 
 
Figure 3: Mixing curve for pyroxene-derived Juvinas source 
composition and a 10% partial melt from Juvinas whole-rock 
composition. Also included are the 5% and 15% partial melt 
compositions, and pyroxene-derived meteorite source compositions. 
Tick marks are at 10% increments. Note that the mixing curve is 
along the wrong vector to reach Stannern. 
 

 
 
Figure 4: AFC model for pure zone refinement (rates of assimilation 
and crystallization are equal). Tick marks represent iterations of 
100% assimilation mass. Again, the curve is in the wrong vector to 
reach Stannern. 
 

Conclusions: The difficulty in reconciling the observed 
pyroxene compositions with existing models suggests the 
need to alter our assumptions. These four meteorites do not 
appear to be cogenetic despite matching oxygen isotopes. 
This suggests one of three changes to the existing model: 1) 
no magma ocean on the HED parent body; 2) a 
heterogeneous magma ocean on the HED parent body; 3) 
more than one HED parent body with systematic differences 
in both minor and trace element compositions. It is difficult 
to rationalize the present observations of the HED suite 
without requiring a magma ocean [6, 16, 17], despite the 
experimental petrology that reconciles the minor and trace 
element compositions by differential melting of a source [4]. 
It is equally difficult to generate a heterogeneous magma 
ocean on a small, hot body, which would presumably be 
rapidly mixed based on the inferred thermal gradient and 
small size driving convection. This is supported by the 
homogeneity of oxygen isotopes in the majority of eucrites 
[18]. Additionally, even if differential cooling isolates 
pockets of the magma ocean, it is unlikely to generate 
fundamental differences in the crystallization conditions to 
alter the resulting eucrites. This leaves the possibility of 
different source bodies. Although this possibility is difficult 
to constrain, as it leaves many variables free (size, time of 
formation, composition of accreted material), it is supported 
by the existence of eucrites with anomalous oxygen isotope 
compositions, and warrants further investigation. Compatible 
trace element abundances should be pursued as a second 
method of distinguishing eucrite petrogenetic groups, in 
addition to the oxygen isotope method. 
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