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Introduction: The Howardite-Eucrite-Diogenite 

(HED) meteorites are widely believed to originate from 
the asteroid Vesta [e.g. 1]. Eucrites (dominated by cli-
nopyroxene and plagioclase feldspar) are primarily 
basalts emplaced near Vesta’s surface, diogenites (or-
thopyroxenites, some of which contain olivine) repre-
sent deeper cumulate rocks, and howardites are com-
plex regolith breccias that contain these two lithologies 
[e.g. 2, 3]. Laboratory spectral analyses of these 
‘ground truth’ samples uniquely facilitates our ability 
to place quantitative constraints on Vesta’s surface 
mineralogy by validating different methods used to 
interpret spectral data from the Dawn mission. Such 
information is vital to constraining Vesta’s structure 
and petrologic evolution [e.g. 4, 5]. Previous work by 
[6, 7] indicates Hapke radiative transfer models 
(RTMs) applied to visible-near infrared (VNIR) reflec-
tance spectra of unbrecciated eucrites and diogenites 
can often predict the modal mineralogy of these sam-
ples to within ~5% of independently measured values. 
However, it remains to be seen if RTMs work equally 
well for the more complex howardite breccias that 
dominate Vesta’s surface [e.g. 8, 9]. We address this 
question by comparing the modal mineralogy predicted 
for a suite of 47 howardite and brecciated eucrite sam-
ples using the Hapke RTM with modal mineralogy 
modeled via thin section mapping and Rietveld refine-
ment of powder X-ray diffraction patterns.  

Methods: A total of 47 brecciated eucrite, polymict 
eucrite, and howardite chips were acquired from 
NASA’s Antarctic meteorite collection. Samples were 
ground and dry sieved to <45um. VNIR reflectance 
spectra (0.3-2.6 um) of the chips and bulk powders 

were measured at the NASA RELAB facility at Brown 
University using the bi-directional reflectance spec-
trometer under standard geometry (i=30°, e=0°) 
[Fig.1a]. 

Spectra were modeled using the Hapke RTM [10] 
implementation of [6, 7] to simultaneously estimate 
endmember particle size and abundance. Spectra were 
modeled from 0.8-2.5 µm to avoid influence from ter-
restrial weathering effects (e.g., iron oxides) [Fig.1a; 
e.g. 11]. An expanded endmember library that built on 
the initial 13 endmembers of [7] was constructed by 
adding 17 additional pyroxene, 5 olivine, and two iron 
bearing plagioclase samples to account for a wider 
range in chemistry of these phases in howardites [8].  

Modal mineralogy was modeled from powder XRD 
patterns via Rietveld refinement and allowed for varia-
tion in site occupancy and other parameters [Fig. 1b, 2; 
e.g. 12, 13]. Modal mineralogy was also estimated by 
mapping select elements (Mg, Al, Ti, Ca, Fe, Na, Si, 
Ni, S, Cr) for thin sections of six samples from our 
suite using a Cameca SX-100 Electron Microprobe 
[Fig. 2]. The methodology developed for the thin sec-
tion mapping classified ~99% of pixels into orthopy-
roxene, clinopyroxene, plagioclase, olivine, silica (e.g. 
quartz, tridymite, cristobalite), Fe/Ni metal, troilite, 
ilmenite, or chromite phases. 

  Results & Discussion:  With the expanded spec-
tral library, the Hapke RTM is capable of estimating 

the abundance of total pyroxene (PX) and plagioclase 
(PL) to within ~20% of their XRD-based modal values, 
with many estimates falling within 10% [Fig. 3a, b]. 
This uncertainty is larger than observed by [7] when 
modeling unbrecciated eucrites and diogenites, whose 

 
Figure 1. Example Hapke radiative transfer modeling (A) and Rietveld refinement (B) fit results with residuals for polymict eucrite Allan 
Hills A81010 and howardite Grosvenor Mountains 95535. Fit quality is summarized by Rwp & mean absolute residual (MAR) metrics for 
Hapke & Rietveld fits respectively. 
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total plagioclase and pyroxene abundances commonly 
fell within 5% of independent modal estimates. XRD 
and thin section-based modal values are within 10% of 
each other [Fig. 2], suggesting large uncertainties in 
modal values are likely not responsible for the RTM 
model discrepancies. Instead, uncertainties in spectral 
fitting are the likely source for the larger errors in mod-
eled mineral abundance.  

The Hapke model reproduces the general positions 
of the 1 and 2 um Fe2+ absorptions, but systematic mis-
fits between modeled and measured spectra occur at 1 
and 1.2 um [Fig. 1a, 1a residuals]. Most of the spectral 
pyroxene endmembers are of synthesized samples that 
were quenched [14, 15], which results in higher Fe2+ 
occupancy in the M1 site and thus a strong absorption 
at 1.2 um [Fig. 1a, 1a residuals; 14].  Indeed, natural 
pyroxene endmembers in the library were selected 
more often and in higher abundances than synthetic 
ones. This issue was not as pronounced when modeling 
unbrecciated eucrites and diogenites because a higher 
percentage of the selected endmembers were of natural 
origin [7].  

In the case of the synthetic pyroxenes, though the 1 
and 2 µm band centers may improve the fit to a meas-
ured spectrum, the selection of these endmembers 
changes the fit at 1.2 µm, and vice versa. This can lead 
to larger uncertainties in the modeled abundance of 
total pyroxene and pyroxene type. The spectral library 
used here was largely unable to accurately estimate the 
abundance of orthopyroxene (OPX) vs. clinopyroxene 
(CPX) in the breccias and almost universally overpre-
dicted OPX relative to CPX [Fig. 3a, b]. Notably, there 
was only a single natural augite endmember and no 
natural pigeonite endmembers in our spectral library, 
whereas multiple OPX-rich diogenite endmembers 
were available. The Hapke model is likely convolving 
natural OPX endmembers (because of their weak 1.2 
µm band) with synthetic CPX endmembers (which 
have a deeper 1.2 µm band) to achieve the best spectral 
fit over the full wavelength range, leading to an overes-
timate in the OPX/CPX ratio. This issue is much more 
pronounced in brecciated and polymict eucrites than 
howardites [Fig. 3b], perhaps because the Hapke RTM 
is better at differentiating orthopyroxene in howardites 
compared with brecciated eucrites. Much of the ortho-
pyroxene present in the polymict/brecciated eucrites is 
inverted from pigeonite [16], making these phases 

chemically and thus spectrally similar. Conversely, a 
large proportion of the orthopyroxene present in in the 
howardites is derived from diogenite clasts, a compo-
nent that is chemically and spectrally distinct from the 
primarily eucritic pyroxenes present in these breccias 
[e.g. 2].  

Conclusions: The ability of the Hapke RTM and 
our expanded spectral library to predict the abundance 
of plagioclase and total pyroxene in eucrite and how-
ardite breccias to within ±20% is very promising [Fig. 
3]. The Hapke RTM still encounters difficulty differen-
tiating between OPX and CPX, which were almost uni-
versally over and under predicted respectively by 20-
40%. Reducing the uncertainties in pyroxene type will 
be a focus of ongoing work because characterizing 
OPX vs. CPX abundance on Vesta is critical for esti-
mating diogenite versus eucrite abundance in regions 
dominated by howardite lithology. [Fig. 3; e.g. 4, 5]. 
Fortunately, the sources of this issue may be resolved 
by changing the spectral library to include more natural 
pyroxenes (CPX in particular) with appropriate Fe2+ 
site occupancy instead of synthetic pyroxenes. Future 
investigations that use Dawn VNIR data to quantify the 
abundance of diogenite fragments within howardite 
regions may be fruitful in expanding our knowledge of 
the true lateral and vertical distribution of such cumu-
late rocks on Vesta.   
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Figure 2.  Comparison 
of thin section map-
ping and XRD modal 
mineralogy estimates 
for Grosvenor Moun-
tains 06059, Graves 
Nunataks 98037, Allan 
Hills A81009, Allan 
Hills A81010, Queen 
Alexandra Range 
94200 and Elephant 
Moraine 99408.  
 

Figure 3.  Comparison of Hapke RTM and Rietveld refinement 
modal mineralogy estimates for howardites (A) and eucrite breccias 
(B) from our sample suite. The Hapke RTM is clearly better able to 
estimate the modal mineralogy of howardites than eucrite breccias.  
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