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Introduction: Visible to near infrared (IR) spectral 

reflectance of the achondrite meteorites group HED 
(Eucrites, Howardites, Diogenites) has been studied in 
detail, with emphasis on its different petrological sub-
groups [e.g., 1, 2]. Less attention has been given to 
non-compositional effects that are known to modify the 
spectrum shape and thus to complicate compositional 
interpretations [e.g., 3]. Here we contribute to the un-
derstanding of HED spectral variability in terms of 
observation geometry effects. Furthermore we provide 
constrains on the accuracy of retrieved composition 
from reflectance spectra. 

Samples and Method of Analyses:  We have col-
lected a suite of 11 HED meteorites: NWA 1836, 
Talampaya, Millbillillie, NWA 6477, NWA 1942, 
NWA 1943, Tatahouine, JaH 626, and 3 with proviso-
rial names, for a total of 5 eucrites, 4 howardites and 2 
diogenites. Powders of 4 grain size ranges were made. 
High (1nm) resolution reflectance spectra between 0.35 
to 2.5µm were measured at the University of Winnipeg 
HOSERLab under the following illumination condi-
tions: i=0, 15, 18, 30, 45, 60(°) and e=0, 15, 18, 30, 45, 
60(°), for a total of 8 different phase angles. Our meas-
ured spectral parameters included: spectral slopes, 
band depth and center at 1µm (I) and 2µm (II), and 
band area ratio (BAR). Using the same powders, chem-
ical analyses (EDX) were carried out with a Jeol840 
electron microprobe at the Westfälische Wilhelms-
Universität Münster. 

Measurement Geometry Effects:  By analyzing 
the reflectance at 0.55µm as a function of increasing 
phase angle, we found that the samples are character-
ized by a general forward scattering behavior. Two 
slightly different groups of samples can be distin-
guished within the suite on the basis of a more or less 
pronounced tendency to act as forward scattering. The 
samples of these two groups do not show different al-
bedos, nor do they share petrological affinities. 

The effect of increasing phase angle on spectral 
slopes, both in the visible and in the near-IR, is an in-
crease from 18° to ~30° (i.e., reddening), followed by a 
decrease until 120° (Fig.1 A). Such a trend is con-
sistent with the behavior of bright samples [4]. The 
amount of increase and decrease varies between the 2 
groups defined by their different scattering behavior 
(Fig.1 B). The increase of the visible slope at low 

phase angle varies between 10% and 30% per 10 de-
grees. This is consistent with observation of ~20% in-
crease for Vesta [5]. 

The variations of band I depth with increasing 
phase angle (Fig. 1 C) are characterized by a slight 
increase from 18° to 30°-45° on the order of 0.6% each 
10 degrees. From 30°-45° to 120° band depth decreas-
es by  2-8% each 10°.  Samples with deeper band 
depths at 18° (of phase angle) show a larger increase at 
small phase angles. The band II depth values are rela-
tively constant for phase angle between 18° and 45°, 
then decrease, differing from what has been observed 
on Vesta [6]. Another difference between the band I 
and band II depths is the more pronounced decrease of 
band II compared to band I. Several samples with 
weaker forward scattering show a stronger decrease of 
band depth I and II at high phase angles relative to 
samples with stronger forward scattering (Fig.1 D). 

Band center variations due to incidence, emission 
or phase angle variations are non-systematic and close 
or within the uncertainties of the measurements: 4nm 
variations versus 2nm uncertainities for band I and 
10nm variations versus 10nm uncertainities for band II. 
On the contrary, the band II minimum is considerably 
affected by measurement geometry at high phase an-
gles. The mean difference between band minima at 18° 
and 120° is 31nm, which corresponds to an apparent 
difference in composition of 8.3 mol% of Ferrosilite 
using the equations by [7].  

The BAR values are relatively uniform over the 
phase angle range of 18°-75°, with a slight increase 
between 15° to 30°. The BAR variations show also for 
constant phase angles but different incidence and emis-
sion angles (i.e., 7 % Opx/(Opx+Ol) difference at 60° 
phase angle, using [8]). For phase angles higher than 
75°, 4 samples show an increase, 7 show a decrease.  
These two groups of samples correspond to the previ-
ously identified groups with distinct reflectance and 
spectral slope trends. For the harzburgitic diogenite the 
BAR variations between 18° and 100° correspond to a 
variation from 60% to 70% Opx/(Opx+Ol) using [8]. 
At phase angles equal or higher than 100°, the BAR of 
this sample is the same as for olivine free and high-Ca 
free samples, and the olivine enriched nature of the 
diogenite is indistinguishable from our HED suite. 
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Constrain on Composition Retrieval:  Using our 
11 pyroxene-dominated HED samples, we have tested 
the precision of empirical equations to derive the py-
roxene composition from spectra. The equations devel-
oped by [7] lead to a difference between spectrally 
derived composition and electron microprobe meas-
urement of 6.6 mol% Ferrosilite (Fs) and 5.4 mol% 
Wollastonite (Wo) (Fig. 2). These differences are 
slightly larger than the uncertainties of the equations of 
5 mol% Fs and 4 mol% Wo. We observed a larger dif-
ference in the derived composition for the Fs content 
using the band II center position: in particular for Fs 
content lower than 30 mol% and for Fs content higher 
than 48 mol%. The use of other equations, such as the 
one from [9] does not lead to better results. Similar 
discrepancies were found for other HED meteorites 
[10]. The discrepancy at high Fs contents might be 
related to the presence of high-Ca pyroxene in eucrites 
and to the fact that for high-Ca pyroxenes the band II 
center is insensitive to compositional variations [11]. 
Note that relative to the pyroxene trend, the shocked 
eucrite JaH 626 has band centers shifted toward longer 
wavelengths, especially the band I center. This is con-
sistent with the spectral properties of Fe-bearing glassy 
materials. 

Band I center (and the derived Wo content) vary as 
a function of composition more systematically than 
band II center (and Fs content) (Fig.2). Thus the use of 
band I center seems to be more appropriate to distin-
guish bulk pyroxene variations. However, the band I 
center show a slight offset for Wo content lower than 
10 mol%. For such values, with our HED suite as well 
as with samples from [10], the Wo content is consist-
ently overestimated by about 5.3 mol%, both with 
equations of [7] and [9]. 

Conclusions:  The differences in the variability of 
spectral parameters as a function of observation geom-
etry seem to be controlled by the scattering behavior of 
the samples. On going measurements will allow con-
firming whether the scattering behaviour varies within 
the suite, and if it is independent of the petrological 
subgroups. Using our HED suite, the precision on the 
absolute pyroxene composition seems to be limited to 
±3.3 mol% Fs and ±2.7 mol% Wo. The band I center 
appears to be the most reliable parameter to discern 
relative compositional variations. 
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Figure 1. Variability of spectral parameter. Near-IR slope 

(A) and normalized IR-slope (B) as a function of phase 
anlge. Band depth I (C) and normalized band depth I (D) as a 
function of phase angle. 

 
Figure 2. Spectrally derived versus electron micro-

probe (EDX) pyroxene compositions using equations 
by [6].  
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