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Introduction:  Spectroscopic evidence indicates 

that Howardite-Eucrite-Diogenite (HED) meteorites 
most likely originate from the asteroid Vesta (e.g. [1]). 
Eucrites (dominated by clinopyroxene and plagioclase 
feldspar) are primarily basalts emplaced near Vesta’s 
surface, diogenites (orthopyroxenites, some of which 
contain olivine) represent deeper cumulate rocks, and 
howardites are complex regolith breccias that contain 
these two lithologies [2,3,4]. Laboratory access to the-
se Vesta ‘ground truth’ samples uniquely facilitates our 
ability to place quantitative constraints on Vesta’s sur-
face mineralogy by validating different methods used 
to interpret spectral data from the Dawn mission.  

Accurate and quantitative information about the 
modal mineralogy expressed across Vesta’s surface 
(e.g. [5] ) is vital to constraining Vesta’s subsurface 
structure and petrologic evolution, including magma 
ocean crystallization or serial magmatism processes 
[6,7]. Previous work by [8,9] has indicated that Hapke 
and Shkuratov radiative transfer models (RTMs) ap-
plied to visible-near infrared (VNIR) reflectance spec-
tra of unbrecciated eucrites and diogenites can often 
predict the modal mineralogy of these samples to with-
in ~5% of independently measured values. However, it 
remains to be seen if RTMs work equally well for 
complex breccias such as howardites, which appear to 
dominate Vesta’s surface [10,11]. We address this 
question by comparing the modal mineralogy predicted 
for a suite of 12 powdered howardite and brecciated 
eucrite samples, using the Hapke RTM implementation 
of [8], with modal mineralogy modeled via Rietveld 

refinement of their X-ray diffraction patterns.  
Methods: Hapke Radiative Transfer Model.  VNIR 

spectra of 40 HED samples powdered to <45 µm were 
measured using NASA’s RELAB facility at Brown 
University. Spectra were modeled from 0.8-2.5 µm to 
avoid influence from terrestrial weathering observed at 
shorter wavelengths (e.g. absorptions due to the pres-
ence of Fe oxides) [12,13,14].  RTM spectral modeling 
focused on pyroxene, olivine, and plagioclase phases, 
using the same methodology and spectral endmember 
suite as [8]. The model uses optical constants as inputs 
in order to simultaneously determine mineral abun-
dance and particle size (constrained to 0-45 µm in our 
study) for each howardite and brecciated eucrite sam-
ple.  

XRD Rietveld Refinement.  Powder diffraction pat-
terns of the 40 HED samples in our suite were meas-
ured using a Bruker D2 Phaser with a Cukα X-ray 
source and a Lynx-eye detector. Modal abundances for 
12 of these samples were derived via Rietveld refine-
ment using Topas 4.2. Structure files used in the mod-
eling included bytownite, augite, pigeonite, ferrosilite, 
forsterite, tridymite, and low quartz. Parameters used 
in the refinement included unit cell parameters, crystal-
lite size and strain broadening, and site occupancy.  
Corrections included background fitting, specimen 
displacement, and preferred orientation. Constraints 
were placed on site occupancy to ensure that reasona-
ble proportions of cation species consistent with the 
published compositional ranges for the eucrites and 

 
Figure 1. Example Rietveld refinement (A) and Hapke modeling (C) fit results for eucrite dominated breccia PCA 91179 and diogenite 
dominated breccia CRE 01400. Residuals for Rietveld and Hapke modeling reported in B & D respectively. Diffraction patterns were 
collected and modeled from 10°-90° 2θ, RELAB BDR spectra were measured from 300-2600 nm and modeled from 800-2500 nm. 
Both methods clearly/effectively discriminate between these two compositionally distinct materials.   
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diogenites were maintained.   
Results:  The selected group of crystal structures fit 
every major peak of each of our 12 modeled XRD pat-
terns, producing rwp ‘goodness of fit’ values between 

1.23-1.75 (values below 3 are considered reasonable 
fits). Representative Rietveld refinements, illustrating 
fits produced for a eucrite dominated (Pecora Escarp-
ment 91179) vs. a diogenite dominated (Mount Crean 
01400) breccia are reported in Figure 1. Representative 
spectral fits produced by our Hapke model for these 
meteorites, including residuals, are shown for compari-
son (Fig. 1). Spectral fits generally produce mean ab-
solute residuals on the order of 9x10-4 - 6x10-3, error 
values in line with those reported in [8] for unbrecciat-
ed materials. The final comparison of the modal min-
eralogy values produced using Rietveld refinement vs. 
Hapke modeling for clinpoyroxene, orthopyroxene, 
plagioclase, and olivine, are reported in Figure 2. 

Discussion: Overall, the modal abundances derived 
from Rietveld refinement vs. those derived from Hap-
ke modeling for orthopyroxene, clinopyroxene, and 
plagioclase show positive correlations. However, dis-
crepancies are typically greater than the 5-10% error 
window found in [8]. Hapke modeling systematically 
predicts lower clinopyroxene abundances and higher 
plagioclase abundances than those predicted by 
Rietveld refinement (Figure 2). This is likely caused by 
issues with plagioclase’s spectrally neutral nature rela-
tive to the strong absorptions exhibited by pyroxene 
and olivine [10,15]. Our Hapke RTM’s 13 mineral 
endmembers were found by [8] to efficiently produce 
good spectral fits to unbrecciated eucrites and dioge-
nites. However, the results of this study indicate that 
this particular Hapke model implementation is likely 
unable to identify minerals in the howardites as accu-
rately as for the unbrecciated materials. This may be 
caused by commonly noted difficulties with RTM 
modeling of heavily brecciated materials, including the 
potential presence of amorphous components/glass, 

shocked phases (e.g., spectral masking of plagioclase), 
exotic impactor-derived components (e.g., metal), and 
wide ranges in particle size [5,15,16]. However, we 
note that there is no evidence in any of our XRD pat-
terns of amorphous phases (glass). It is also possible 
that our Hapke model does not contain sufficient py-
roxene endmembers to appropriately fit the 1 µm spec-
tral region, a region vital for identifying olivine and 
pyroxene composition. This assertion is supported by 
the Hapke fit residuals reported in Figure 1; while the 
position of the 1 micron band is being fit well, its 
width is not being properly replicated. This indicates 
that the ideal set of endmembers used by [8] likely 
needs to be expanded for the Hapke RTM to be suc-
cessfully applied to the howardites.  

Conclusions: Comparing the modal mineralogy 
predicted for brecciated HEDs using XRD Rietveld 
refinement and Hapke radiative transfer modeling sug-
gests that limited spectral libraries utilized for unbrec-
ciated diogenites and eucrites may not be sufficient for 
modeling more complex howardite breccias. However 
Hapke modeling is able to roughly reproduce the 
abundances of total pyroxene and plagioclase produced 
by Rietveld refinement of HED powder XRD patterns, 
a promising result that indicates expanding the spectral 
library may resolve these issues. The goodness of fit 
produced by Rietveld refinement of powder XRD pat-
terns suggests that it is an effective way of determining 
the modal mineralogy of heavily brecciated HED ma-
terials. Future work includes further validating XRD 
modal abundances by comparison with modal values 
determined by electron microprobe mapping of corre-
sponding thin sections for a subset of samples. 
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Figure 2. Comparison of modal mineral abundance found 
using Rietveld refinement and Hapke RTM modeling for 
12 brecciated HEDs. 
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