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Introduction: Winterhaven is a recently classified 

2.1 kg howardite found in the desert of southern Cali-
fornia and reported in [1]. A petrological and chemical 
study of pyroxene, plagioclase, chromite and ilmenite 
was made to determine the relationship of this meteor-
ite to the greater howardite, eucrite and diogenite 
(HED) suite. 

Results: Winterhaven is a minimally weathered 
breccia consisting mostly of sub-angular to sub-
rounded clasts and mineral fragments ranging in diame-
ter from a hundred microns up to a few millimeters 
within a finer grain matrix of low-Ca pyroxene and 
plagioclase. Three thick sections (~5 cm2 total area) 
have to date been observed by microprobe backscat-
tered electron imaging. Heterogeneously distributed 
basaltic clasts represent ~20% of the observed area. 
Minor phases include augite, silica, troilite, ilmenite, 
chromite and metal. No olivine, phosphate or glass has 
yet been found. 

For this study, eight clasts plus numerous mineral 
fragments from two polished mounts (AMNH 5104-2, -
3) were analyzed by electron microprobe. Pyroxene 
compositions have a range of En71-29Wo2-45 (Fig. 1) and 
have Fe/Mn ratios of 19-36. This compositional range 
is similar to that found in the Bununu and Bholghati 
howardites [2]. Most pyroxene is present as coarse- to 
fine-grained mineral fragments. Inverted pigeonite 
(now orthopyroxene) with augite lamellae or blebs is 
found primarily in the basaltic clasts and fine-grained 
fragments. Feldspar compositions have a range of 
An97.3-85Ab2.6-13.9 (Fig. 2). Plagioclase is present both in 
mineral fragments and lithic clasts. Chromite composi-
tions vary widely (0.7 to 13.3 wt% TiO2; 2.5 to 12.5 
wt% Al2O3; 37 to 58 Cr2O3; and 30-44 wt% FeO), but 
appear to follow a fractionation pattern (Figure 3). 
Chromite fragments are common in the matrix. One 
unusual chromite found in basaltic clast #7A is very Ti-
rich (20 wt% TiO2, 3.0 Al2O3, 26.5 wt% Cr2O3, 47.0 
FeO), similar to that reported in Ibitira [3]. Ilmenites 
are generally below 50 �m in diameter and often form 
chromite-ilmenite pairs. Their compositions vary 
mildly (50.3 to 54.5 wt% TiO2, 41.5 to 45.4 wt% FeO, 
0.85 to 1.55 wt% MnO, and 0.8 to 3.0 wt% MgO).  

While seven of the eight clasts studied are basaltic, 
five contain subophitic textures. These clasts contain 
orthopyroxene with augite lamellae or blebs, lesser 
proportions of plagioclase and minor troilite, silica, 
ilmenite, chromite, and metal. Clast #1 contains En61-

42Wo2-6 orthopyroxene with En37-32Wo27-41 augite 
lamellae and An91-95 plagioclase. Clast #2 contains 
En45-36Wo2-9 orthopyroxene with En36-35Wo11-17 

(occasionally up to Wo42) augite lamellae and An95-96 
plagioclase. Clast #3 contains En54-41Wo4-9 

orthopyroxene with En 40-39Wo41-43 augite lamellae and 
An94-97 plagioclase. Clast #4 has En56-49Wo3-6 pyroxene 
with En39-34Wo38-43 lamellae, but contains a variable 
plagioclase compositon (An85-96). Finally, clast #6B 
contains finely spaced En41-33Wo17-25 augite lamellae on 
En36Wo5 orthopyroxene. 

 
 
 

 
 
 
 
 
 
 
 
Figure 1: Quadrilateral showing the distribution of Winter-

haven pyroxenes. Diogenite clasts and large mineral frag-
ments (�200 �m) (red) contain more Mg-rich pyroxene com-
positions than those found in small fragments (<200 �m) 
(blue) or basaltic clasts (green). 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Distribution of plagioclase compositions in Win-

terhaven. Diogenite clast #6A contains the most calcic plagio-
clase, while the basaltic clasts contain the most albitic ones. 
Color labels are the same as in Fig 1. 

 
The final two basaltic clasts, #7A and #9A, are un-

usual. Clast #7A has a metamorphic equigranular tex-
ture composed of En47-37Wo2-8 orthopyroxene with 
En33-29Wo41-42 augite lamellae and An93-95 plagioclase. 
It also contains both very titaniferous chromite (up to 
20 wt% TiO2) and chromite with more “typical” Ti 
concentrations (~3 wt% TiO2). Clast #9A is a 600 �m, 
An91-94 plagioclase grain that contains two chevron-
shaped basaltic veins, each with a different mineralogy 
and pyroxene range. One vein contains En40-35Wo35-45 

augite, abundant silica, but rare troilite and chromite. 
The other vein contains En47-43Wo3-14 orthopyroxene 
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with En38-34Wo35-42 augite lamellae, abundant troilite, 
some silica and minor chromite. 

Only one diogenite clast (#6A) was studied and was 
found in section -2. It consists of a single 1.1 mm 
round grain of orthopyroxene with a 200 �m rounded 
plagioclase inclusion. The orthopyroxene is only mod-
erately Fe-rich (En71-69Wo2-5), similar to that in ALHA 
81208 or EET 83246 diogenites [4], however the pla-
gioclase inclusion is very Ca-rich (An97.5), similar in 
composition to that in the Y-75032 diogenite [5,6]. 

Multiple, large (>200 �m) and small (~40 �m) or-
thopyroxene mineral fragments (one large fragment 
containing yet unanalyzed 20 �m plagioclase inclu-
sions) have compositions similar to those observed in 
the cumulate eucrite Binda [7] and diogenite Y-75032 
[5,6] ranging from En67-63Wo2-6. These orthopyroxene 
fragments have variable Ti, Al and Cr abundances.  

Discussion: There is a distinctive size distribu-
tion/composition relationship present in both the py-
roxene and plagioclase data (Figs. 1 and 2). Although 
there is extensive overlap of compositions, pyroxene 
from diogenitic clasts and large mineral fragments 
tends to be more Mg-rich than that from basaltic clasts 
or small mineral fragments. For plagioclase, diogenite 
clasts and large mineral fragments contain more calcic 
compositions. However, since the basalts are likely to 
be more evolved than the diogenitic pyroxene + pla-
gioclase rocks and have a finer average grain size, this 
result is to be expected [8,9].  

Although the Ti/(Ti+Cr) vs 100xFe/(Fe+Mg) dia-
gram has been used quite extensively to study lunar 
rocks, which have very large Ti concentration ranges 
[10,11,12], it does not appear to have been used to 
study the crystallization pathways of the HEDs, which 
contain much lower Ti concentrations. The interpreta-
tion of Ti/(Ti+Cr) vs 100xFe/(Fe+Mg) trends in pyrox-
ene, chromite and ilmenite for Winterhaven (Fig. 3) is 
that they formed by fractional crystallization, consis-
tent with [13] for diogenite formation. When fractiona-
tion begins at 100xFe/(Fe+Mg) ~ 24, pyroxene incor-
porates some Cr during crystallization, producing a 
mildly decreasing trend. With the onset of chromite co-
crystallization, the Cr concentration is depleted in the 
melt, while the Ti concentration steadily increases. 
This results in the crystallizing pyroxene forming the 
steeply increasing trend from 100xFe/(Fe+Mg) ~ 33 to 
37. The flattened pyroxene trend between 
100xFe/(Fe+Mg) values of 37 and 52 occurs when 
chromite crystallization either ceases or is balanced by 
the initiation of ilmenite crystallization. As pyroxene 
crystallization continues, ilmenite becomes a liquidus 
phase and removes the majority of Ti from the system 
at 100xFe/(Fe+Mg) ~ 52 to 60. The trend found in the 
chromites mimics a classic fractional crystallization 
sequence. A potential complication in this interpreta-

tion is the presence of a small group of analyses (cir-
cled in purple) that would seem to indicate that either 
there were two pyroxene crystallization starting points 
having the same 100xFe/(Fe+Mg) ratio, but different 
Ti/(Ti+Cr) ratios (0.2 and 0.55) or there are pyroxene 
compositions missing between Ti/(Ti+Cr) values of 0.3 
and 0.45. However, neither of these explanations ap-
pears necessary. The cluster of data in question are in 
fact augite lamellae formed during the inversion of 
pigeonite. The lamellae form more Mg- and Ti- rich 
compositions than the original pigeonite, while the 
orthopyroxene are more Fe-rich, Ti-poor. The esti-
mated Ti/(Ti+Cr) shift between the original pigeonite 
and the augite lamellae is less than +0.1, however the 
100xFe/(Fe+Mg) shift can be 10 or more in the Mg 
direction, depending on the pigeonite composition.  
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 3: Ti/(Ti+Cr) vs Fe/(Fe+Mg) diagram illustrating 

the influence of chromite and ilmenite formation on the pyrox-
ene path (black arrow) during fractional crystallization. Color 
labels are the same as in Fig 1.  
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