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Ultraviolet spectral reflectance properties (200–400 nm) of a large number of minerals known or
presumed to exist on the surfaces of Mars, the Moon, and asteroids, and in many meteorites, were
investigated. Ultraviolet reflectance spectra (200–400 nm) of these minerals range from slightly blue-
sloped (reflectance decreasing toward longer wavelengths) to strongly red-sloped (reflectance increasing
toward longer wavelengths). Most exhibit one or two absorption features that are attributable to Fe–O
charge transfers involving Fe3+ or Fe2+. The UV region is a very sensitive indicator of the presence
of even trace amounts (<0.01 wt%) of Fe3+ and Fe2+. The major Fe3+–O absorption band occurs at
shorter wavelengths (∼210–230 nm), and is more intense than the major Fe2+–O absorption band
(∼250–270 nm). Ti-bearing minerals, such as ilmenite, rutile and anatase exhibit UV absorption bands
attributable to Ti4+–O charge transfers. While the positions of metal–O charge transfer bands sometimes
differ for different minerals, the variation is often not diagnostic enough to permit unique mineral
identification. However, iron oxides and oxyhydroxides can generally be distinguished from Fe-bearing
silicates in the 200–400 nm region on the basis of absorption band positions. Within a given mineral
group (e.g., low-calcium pyroxene, olivine, plagioclase feldspar), changes in Fe2+ or Fe3+ abundance
do not appear to result in a measurable change in absorption band minima positions. Absorption band
positions can vary as a function of grain size, however, and this variation is likely due to band saturation
effects. The intensity of metal–O charge transfers means that some minerals will exhibit saturated UV
absorption bands even for fine-grained (<45 μm) powders. In cases where absorption bands are not
saturated (e.g., Fe2+–O bands in some plagioclase feldspars and pyroxenes), changes in Fe2+ content do
not appear to cause variations in band position. In other minerals (e.g., olivine), changes in band positions
are correlated with compositional and/or grain size variations, but this is likely due to increasing band
saturation rather than compositional variations. Overall, we find that the UV spectral region is sensitive
to different mineral properties than longer wavelength regions, and thus offers the potential to provide
complementary capabilities and unique opportunities for planetary remote sensing.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

The ultraviolet (UV) spectral region is one which has been
largely underexploited for remote sensing of solid planetary sur-
faces. This arises largely from the fact that the Earth’s atmosphere
is relatively opaque below ∼350 nm. Thus, space-based observa-
tions are required in order to fully utilize this wavelength region
for planetary surface mapping. Indeed, recent observational stud-
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ies have suggested that this wavelength region has some potential
for geological mapping of Solar System bodies and may provide
otherwise unobtainable geological, compositional, and/or physical
properties information (e.g., Hendrix et al., 2003; Hendrix and Vi-
las, 2006; Robinson et al., 2007; Bell and Ansty, 2007).

The Moon was the first planetary target studied in the UV spec-
tral region (here defined as the interval from 200 to 400 nm).
Early studies include Zond-3 spacecraft measurements (Lebedin-
sky et al., 1967a, 1967b, 1968), rocket-based whole-disk images
(Carver et al., 1974), and a number of other more restricted studies
(e.g., Stair and Johnson, 1953; Lucke et al., 1973, 1976, and ref-
erences therein). Asteroids were also surveyed at UV wavelengths
and many show evidence for shallow absorption bands, spectral
differences among various taxonomic classes, and “anomalous” UV
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properties (e.g., Butterworth and Meadows, 1985). UV spectra of
meteorites have also hinted at compositional information that may
be obtained from this wavelength region (e.g., Dollfus et al., 1980;
Wagner et al., 1987).

More recently, space-based telescopes have enabled high spatial
resolution UV observations of planetary surfaces, including Hubble
Space Telescope imaging of the Moon (Garvin et al., 2006; Robin-
son et al., 2006, 2007) and Europa (Noll et al., 1995). Recently
deployed and upcoming planetary orbiters will be capable of con-
ducting planetary surface observations in the UV, including LROC
on the Lunar Reconnaissance Orbiter (300 and 360 nm imaging
bands; Chin et al., 2007), SPICAM on Mars Express (118–320 nm;
Bertaux et al., 2006), MARCI on the Mars Reconnaissance Orbiter
(imaging bands at 260 and 320 nm; Malin, 2006), and the MES-
SENGER MASCS instrument (spectroscopy from 115 to 600 nm with
∼1 nm resolution; Gold et al., 2001).

UV spectra of planetary surfaces are, in general, characterized
by decreasing reflectance toward shorter wavelengths, with few,
if any, well-defined absorption bands. For example, in Mariner 9
ultraviolet observations of Mars airborne dust, Pang et al. (1982)
detected spectral features near 210, 250, and 300 nm that they as-
signed to Ti–O charge transfers in the anatase polymorph of TiO2.
This assignment was bolstered by the detection of Ti by the Viking
landers and the lack of other spectral analogues for these features.
Space weathering of asteroids and the Moon may also manifest
itself in the UV region (e.g., Shkuratov et al., 1985; Hendrix and Vi-
las, 2006), and the UV may be a more sensitive indicator of space
weathering than longer wavelength regions (Hendrix and Vilas,
2006; Vilas and Hendrix, 2006). Carlson et al. (1999) and Hen-
drix et al. (1998, 2003) detected hydrogen peroxide on Europa and
Ganymede and hemispheric asymmetries on Europa using Galileo
spectra, partially on the basis of spectral behavior in the 200–
300 nm interval. Recent HST observations of the Moon (Garvin et
al., 2006; Robinson et al., 2007) suggest that unique compositional
information may be derivable from UV observations. Much of this
information relates to the presumed UV spectral uniqueness of il-
menite compared to other common lunar minerals, and thus the
UV region may be useful for determination of ilmenite abundance.

Analysis of observational UV data has been largely hampered
by the lack of systematic spectral-compositional laboratory spec-
troscopic data for minerals known or presumed to exist on various
Solar System bodies. The vast majority of previous laboratory stud-
ies that have been undertaken either have included only a limited
range of samples and/or are not accompanied by compositional in-
formation from which correlations between spectral variations and
composition or structure can be derived. The availability of high-
quality laboratory spectra of planetary materials has also been
hampered by a number of technical issues, including low UV inten-
sities for most illumination sources, the unavailability of suitable
spectrometers capable of reproducing planetary observing condi-
tions (e.g., broadband target illumination coupled with wavelength
selective detectors), generally low UV sensitivity for the most com-
mon types of detectors, and a lack of suitable reflectance stan-
dards.

In addition to planetary mapping, knowledge of the UV spec-
tral properties of geologically significant minerals may also enable
better modeling of heat flow in the interiors of the Earth and
other planets. For example, the significance and magnitude of heat
transport in the Earth’s mantle through radiative heat transport is
strongly dependent on the spectral properties (transparency, opac-
ity) of mantle materials as a function of wavelength. These prop-
erties are very sensitive to factors such as grain size, temperature,
structure, composition, and Fe oxidation state and electron spin
configuration (e.g., Shankland et al., 1979; Smith and Langer, 1982;
Badro et al., 2004; Hofmeister, 2005).
With the increasing evidence that UV spectral measurements
of planetary surfaces may be able to provide geological informa-
tion that is unique or complementary to that derivable from longer
wavelength observations, we initiated a comprehensive laboratory-
based investigation of the UV spectral reflectance properties of a
wide range of geologically-important materials, coupled to com-
prehensive compositional and structural data for these samples.
Our approach is designed to enable more detailed and quantita-
tive interpretation of planetary UV observations.

2. Previous UV laboratory observations

As mentioned above, previous laboratory-based UV spectral re-
flectance studies of geological materials generally have been lim-
ited in terms of number of samples, accompanying sample infor-
mation, spectral resolution, or wavelength coverage. For complete-
ness, and as a baseline against which our new study can be com-
pared, the results of many of these previous studies, and the ex-
perimental procedures they employed, are provided in Appendix A.

3. Experimental conditions of previous studies

Most of the previous studies discussed in Appendix A pro-
vided useful information on the UV properties of minerals. How-
ever, a number suffer from various shortcomings that limit their
utility for quantitative analysis of UV observational data. These
limitations are both technical and procedural. They include: the
reliability/linearity of the detector systems; the use of a monochro-
matic illumination source and broadband detector; the absolute
reflectance of the standards used for the measurements; and an
inability to derive absolute reflectance. A review of these previous
studies is provided in Appendix B.

4. Experimental procedure of this study

A diverse suite of samples was included in this study (Ta-
ble 1). The selected samples were designed to largely encom-

Table 1a
Composition of samples used in this study

Meteoritic metal Hematites Goethite Magnetite

wt% MET100 wt% HEM101 HEM102 HEM103 OOH003 MAG103

Fe 93.39 SiO2 1.06 0.29 0.31 1.02 0.00
Ni 6.07 Al2O3 0.39 0.71 0.71 0.47 0.43
Na 0.00 FeO 0.19 0.91 1.33 0.43 28.80
S 0.00 Fe2O3 97.40 96.66 96.35 96.17 60.38
V 0.00 MgO 0.14 0.36 0.35 0.89 tr.
Co 0.50 CaO 0.06 0.13 0.05 0.07 0.00
P 0.02 Na2O 0.29 0.28 0.00 0.00
Cr 0.18 TiO2 0.03 0.02 0.03 0.04 7.28
Mg 0.00 Cr2O3 tr. tr. tr. tr.
Mn 0.00 V2O5 0.01 0.08 tr. 0.05
Cu 0.00 CoO 0.08 0.08
Al 0.03 ZnO 0.42
Pb 0.87 NiO 0.00 0.00 tr.
Zn 0.11 MnO 0.00 0.01 0.02 0.23 2.00
Ti 0.00 SrO tr.

P2O5 0.00 0.04 0.02 0.61
K2O 0.00 0.01 0.01 0.02
SO3 0.25 0.32 0.40
ZrO2 tr.
H2O 0.56
LOI 10.36

Total 101.17 Total 100.08 99.85 100.02 99.95a 99.36

Abbreviations: tr.: <0.01 wt%; LOI: loss on ignition up to 950 ◦C.
Source of samples: MET100: Odessa, Texas iron meteorite; HEM101: synthetic sample
from Dick Morris; HEM102: Souse, AZ, USA; HEM103: unknown locality; OOH003:
Cary Mine, Ironwood, Gogebic Co., MI, USA; MAG103: Langesundfjord, Norway.

a Total expressed on a volatile-free basis.
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Table 1b

Ilmenites Palagonitic soils

wt% ILM101 ILM102 ILM103 PAL101 PAL102

SiO2 0.40 0.61 0.09 41.28 47.19
Al2O3 0.72 0.94 0.28 26.02 21.95
FeO 1.38 24.64 31.60 2.59 2.67
Fe2O3 33.05 18.61 1.32 13.00 11.73
MgO 0.43 2.72 0.43 3.26 3.12
CaO 0.15 0.32 0.07 4.64 5.13
Na2O 0.41 0.61 0.39 2.50 2.21
TiO2 63.28 50.69 64.20 3.77 3.47
Cr2O3 tr. 0.05 tr. tr. tr.
V2O5 0.07 0.16 tr. 0.01 0.01
CoO tr. 0.05 tr.
MnO 0.01 0.12 1.19 0.30 0.24
SrO tr. 0.10 0.14
P2O5 0.03 0.12 0.03 1.52 0.61
K2O 0.01 0.08 0.03 0.65 0.98
ZrO2 0.08 0.06
LOI 15.45 10.30

Total 99.94 99.72 99.63 100.39a 100.58a

Abbreviations: tr.: <0.01 wt%; LOI: loss on ignition up to 950 ◦C.
Source of samples: ILM101: Krageroo, Telemark, Norway; ILM102: St. Urbain, QC,
Canada; ILM103: Old Mica Mine, Saluda Co., SC, USA; PAL101: Mauna Kea, HI, USA;
PAL102: Mauna Kea, HI, USA.

a Total expressed on a volatile-free basis.

Table 1c

Olivines

wt%
NMNH#

OLV002 OLV003 OLV007 OLV008 OLV011
35117

OLV022 OLV103

SiO2 39.74 40.64 41.72 36.65 29.78 36.50 39.58
FeO 12.62 9.25 2.71 7.15 61.46 28.52 10.14
Fe2O3 1.43 0.59 0.45 0.00 5.52 8.64 6.31
MgO 46.38 49.13 54.65 51.19 0.05 27.73 44.59
MnO 0.23 0.09 0.19 2.15 2.14 0.18
ZnO 0.00 0.00 0.00 0.11 0.54 0.00
NiO 0.32 0.33 0.01 0.03 0.04 0.12 0.40
CaO 0.13 0.07 0.63 tr. 0.05 0.01 0.00
TiO2 tr. 0.00 0.00 0.01 tr. 0.00
Cr2O3 tr. 0.01 tr. 0.00 0.00 tr.
CoO 0.06 0.04 0.01 0.02 0.10 0.06
V2O5 0.00 0.00 0.00 tr. 0.00 0.00
K2O 0.00 0.00 0.00 0.00 0.00 0.00
Na2O 0.00 0.00 0.00 0.00 0.00 0.00
Al2O3 0.00 0.00 0.00 0.00 0.00 0.09 0.00

Total 100.91 100.15 100.37 97.31 99.68 101.61 101.26

Fo 86.7 90.4 97.3 92.7 0.1 63.4 88.7
Fa 13.3 9.6 2.7 7.3 99.9 36.6 11.3

Abbreviations: MNMH#: ID number of samples from the Smithsonian Institution Na-
tional Museum of Natural History; tr.: <0.01 wt%; Fo: mol% forsterite; Fa: mol%
fayalite.
Source of samples: OLV002: xenolith in basalt, cinder cone, Hale Pohaku, HI, USA;
OLV003: Peridot, San Carlos Co., AZ, USA; OLV007: Palumbo Farm, Villafranca,
Cecchina, near Rome, Italy; OLV008: Kafveltorp Quarry, near Kopperberg, Sweden;
OLV011: Rockport, MA, USA; OLV022: Skaergaard intrusion, Greenland; OLV103:
Loch Seaforth, Outer Hebrides, Scotland.

pass the major mineral species known to occur on the Moon and
Mars, but also to include minerals of asteroidal and meteoritic
relevance. The sample suite encompasses meteoritic metal, eleven
oxides/hydroxides (three hematites, goethite, magnetite, two TiO2
polymorphs, and four ilmenites), seven olivines, twelve plagioclase
feldspars, eight low-calcium pyroxenes, fourteen high-calcium py-
roxenes (seven each of spectral type A and B; Adams, 1974), one
basalt, two palagonitic soils, three sulfates, and three phyllosili-
cates.

The samples were prepared for spectral measurements by both
wet sieving with acetone (the <45-μm fractions of the olivines,
pyroxenes, and plagioclase feldspars) and dry sieving (the remain-
ing samples). The powders were prepared by crushing the samples
Table 1d

Pyroxenes

wt% PYX003 PYX005 PYX009 PYX010 PYX017 PYX018 PYX020

SiO2 50.33 49.70 53.90 51.94 50.57 55.17 55.23
Al2O3 5.46 4.12 0.51 0.50 4.09 0.37 0.59
FeO 17.30 5.93 6.20 10.18 4.88 2.42 2.07
Fe2O3 1.43 0.77 0.00 4.83 1.25 0.00 0.00
MgO 23.58 13.80 14.18 9.31 16.05 17.01 17.06
CaO 1.59 22.94 25.08 21.65 20.85 23.93 24.08
Na2O 0.05 0.57 0.05 1.39 0.32 0.51 0.52
TiO2 0.41 1.48 0.01 tr. 1.04 tr. 0.09
Cr2O3 0.11 0.17 0.04 0.03 0.78 0.91 0.96
V2O5 0.02 0.00 0.02 tr. 0.02 0.03 0.05
CoO 0.04 0.04 0.05 0.02 0.03 0.02 0.05
NiO 0.01 0.04 0.15 0.01 0.06 0.07 0.06
MnO 0.29 0.11 0.26 0.52 0.13 0.10 0.10

Total 100.62 99.67 100.45 100.38 100.07 100.54 100.86

En 68.5 41.0 39.8 30.4 47.5 47.8 48.0
Fs 28.2 9.9 9.7 18.7 8.1 3.8 3.3
Wo 3.3 49.1 50.5 50.9 44.4 48.4 48.7∑

M2 0.072 0.967 1.007 1.004 0.871 0.994 0.999

Abbreviations: tr.: <0.01 wt%; En: mol% enstatite; Fs: mol% ferrosilite; Wo: mol%
wollastonite;

∑
M2: sum of M2 site-preferring cations (Cr+Ca+Co+Mn+Na+Zn).

Source of samples: PYX003: Mantyharja, Finland; PYX005: unknown locality;
PYX009: Canada; PYX010: unknown locality; PYX017: Tillamook burn area, near
Grindstone Lookout, Tillamook Co., OR, USA; PYX018: near Dallas Gem Mine, San
Benito Co., CA, USA; PYX020: Hirado Mine, Hirado-Mura, Bugi-Gun, Gifu-ken, Hon-
shu, Japan.

Table 1e

Pyroxenes

wt%
NMNH

PYX021 PYX023 PYX032 PYX034 PYX036 PYX038 PYX039
R15398

PYX042

SiO2 48.35 56.86 50.21 49.80 50.54 49.40 51.45 56.59
Al2O3 0.54 0.76 1.24 5.63 2.99 0.31 1.16 0.09
FeO 23.25 6.36 23.65 5.21 8.18 17.49 10.26 8.93
Fe2O3 3.81 0.83 5.11 2.03 1.71 8.70 6.47 0.84
MgO 1.25 34.04 17.57 14.58 14.64 3.06 8.47 33.88
CaO 21.66 0.65 1.59 19.86 20.35 20.80 20.03 0.22
Na2O 0.18 0.00 0.00 1.06 0.27 0.61 2.14 0.00
TiO2 0.00 0.01 0.19 1.55 0.86 0.00 0.05 0.04
Cr2O3 0.02 0.45 0.04 0.12 0.07 0.02 0.02 0.04
V2O5 tr. tr. tr. 0.01 0.08 0.00 tr. tr.
CoO 0.05 0.03 0.06 0.03 0.04 0.08 0.05 0.02
NiO 0.02 0.08 0.01 0.05 0.02 0.01 0.02 0.01
MnO 1.17 0.17 0.53 0.12 0.25 0.61 0.67 0.04

Total 100.31 100.24 100.20 100.05 100.00 101.09 100.79 100.70

En 4.2 89.3 54.9 47.4 43.3 11.0 29.6 86.8
Fs 43.7 9.4 41.5 8.9 13.4 35.2 20.1 12.8
Wo 52.1 1.3 3.6 43.7 43.3 53.8 50.3 0.4∑

M2 0.999 0.042 0.085 0.857 0.846 0.951 0.998 0.011

Abbreviations: MNMH#: ID number of samples from the Smithsonian Institution
National Museum of Natural History; tr.: <0.01 wt%; En: mol% enstatite; Fs:
mol% ferrosilite; Wo: mol% wollastonite;

∑
M2: sum of M2 site-preferring cations

(Cr + Ca + Co + Mn + Na + Zn).
Source of samples: PYX021: Rio Marina, Elba, Italy; PYX023: Mirabel Springs, Mt.
St. Helena, Lake Co., CA, USA; PYX032: Ekersund, Norway; PYX034: Hopi Buttes,
Winslow, AZ, USA; PYX036: Buffaure, Val di Fassa, Trento, Italy; PYX038: Avery Co.,
NC, USA; PYX039: Risor, Aust-Adger, Norway; PYX042: Bamle, Norway.

in an alumina mortar and pestle and removing impurities through
a combination of hand picking under a binocular microscope and
separation with a hand magnet during crushing and sieving. Dry
sieving was performed by gently brushing the crushed samples in
the 45-μm sieve to dislodge adhering finer-grained particles. For
wet sieving, the powders were repeatedly rinsed in acetone while
in the 45-μm sieve. For determining the effects of grain size on
UV spectral properties, samples in the size ranges <45, 45–90,
90–250, 250–500, and 500–1000 μm were prepared for ilmenite,
hematite, olivine, plagioclase feldspar, and low-calcium pyroxene.
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Table 1f

Pyroxenes

wt% PYX101 PYX108 PYX110 PYX114 PYX117 PYX119 PYX150

SiO2 50.63 56.97 56.65 51.27 53.54 55.40 55.75
Al2O3 1.49 0.82 0.03 1.91 1.54 1.31 0.24
FeO 12.99 5.29 9.19 11.34 16.17 9.92 2.56
Fe2O3 1.44 1.13 0.44 0.57 1.02 0.72 0.00
MgO 11.52 34.82 33.92 14.47 27.53 32.37 16.26
CaO 19.99 0.54 0.30 18.45 0.35 0.19 25.70
Na2O 0.16 0.00 0.00 0.23 0.00 0.00 0.05
TiO2 0.67 0.02 0.03 0.95 0.03 0.04 0.00
Cr2O3 0.14 0.38 0.05 0.17 0.07 0.68 tr.
V2O5 0.05 0.00 0.01 0.04 0.00 0.00 0.00
CoO 0.05 0.02 0.01 0.04 0.01 0.03 0.05
NiO 0.09 0.05 0.02 0.04 0.05 0.05 tr.
MnO 0.38 0.18 0.04 0.28 0.44 0.26 0.11

Total 99.60 100.22 100.69 99.76 100.75 100.97 100.75

En 34.7 91.1 86.3 41.1 74.7 85.1 44.9
Fs 22.0 7.8 13.2 19.1 24.6 14.6 4.0
Wo 43.3 1.1 0.5 39.8 0.7 0.3 51.1∑

M2 0.849 0.037 0.013 0.778 0.029 0.035 1.003

Abbreviations: tr.: <0.01 wt%; En: mol% enstatite; Fs: mol% ferrosilite; Wo: mol%
wollastonite;

∑
M2: sum of M2 site-preferring cations (Cr+Ca+Co+Mn+Na+Zn).

Source of samples: PYX101: Loudon Co., VA, USA; PYX108: Jackson Co., NC, USA;
PYX110: unknown locality; PYX114: Skaergaard intrusion, Greenland; PYX117: India;
PYX119: Loch Seaforth, Harris, Outer Hebrides, Scotland; PYX150: unknown locality.

Table 1g

Plagioclase feldspars

wt% PLG103 PLG104 PLG105 PLG106 PLG108 PLG109

SiO2 69.08 54.90 58.73 65.89 46.55 50.77
Al2O3 19.16 27.85 24.99 21.21 32.70 31.19
Na2O 11.79 5.21 7.33 10.51 1.71 3.60
CaO 0.01 11.05 7.95 2.08 17.28 13.71
K2O 0.03 0.37 0.05 0.09 0.02 0.12
SrO 0.04 0.10 0.04 0.21 0.03 0.08
BaO tr. 0.06 0.06 0.07 0.03 0.04
Fe2O3

a 0.03 0.41 0.07 0.07 0.64 0.43
TiO2 0.02 0.06 0.02 0.02 0.05 0.03
NiO 0.04 0.05 0.05 0.04 0.09 0.07
MnO 0.01 0.01 0.01 0.01 0.01 tr.
Cr2O3 0.03 0.04 0.00 0.03 0.03 0.05
CoO 0.03 0.03 0.01 0.01 0.03 0.03
V2O5 0.02 0.01 tr. tr. 0.01 0.01
MgO 0.00 0.07 0.00 0.00 0.04 0.02
ZnO 0.01 0.01 tr. tr. 0.02 0.02

Total 100.30 100.23 99.31 100.24 99.24 100.17

Ab 99.8 45.1 62.3 89.7 15.2 32.0
An 0.1 52.8 37.4 9.8 84.7 67.3
Or 0.1 2.1 0.3 0.5 0.1 0.7

Abbreviations: tr.: <0.01 wt%; Ab: mol% albite; An: mol% anorthite; Or: mol% ortho-
clase.
Source of samples: PLG103: Bob Ingersoll Mine, Keystone, Pennington Co., SD, USA;
PLG104: Nain, NL, Canada; PLG105: Sannidal, Norway; PLG106: Dungannon Town-
ship. ON, Canada; PLG108: Stillwater complex, MT, USA; PLG109: unknown locality.

a All Fe reported as Fe2O3.

The natural samples were all characterized by a combination of
electron microprobe analysis, wet chemistry (for Fe2+/Fe3+ ratios),
and X-ray diffraction. Details of these procedures can be found in
Cloutis et al. (1990), Cloutis and Gaffey (1991), Mertzman (2000),
and Cloutis and Bell (2004). The compositions of the samples are
provided in Table 1. One ilmenite (ILM200) and the two TiO2

polymorphs (PIG007 and PIG008) are synthetic samples purchased
from Sigma–Aldrich and were not independently characterized.

As discussed above, acquisition of UV reflectance spectra is dif-
ficult due to a number of factors, including low incident light levels
from most illumination sources, generally low detector sensitiv-
ity and increasing atmospheric absorption toward shorter wave-
Table 1h

Plagioclase feldspars

wt% PLG111 PLG114 PLG115 PLG120 PLG122 PLG130

SiO2 48.60 43.97 62.07 65.28 44.80 49.20
Al2O3 33.52 34.66 23.58 21.94 35.05 31.74
Na2O 2.32 0.65 8.98 9.89 0.81 2.60
CaO 15.46 19.03 4.99 3.10 18.76 15.56
K2O 0.01 0.00 0.03 0.40 0.00 0.06
SrO 0.07 0.06 0.28 0.06 0.08 n.d.
BaO 0.03 0.05 0.03 0.01 0.05 n.d.
Fe2O3

a 0.59 0.58 0.07 0.14 0.61 0.42
TiO2 0.06 0.05 0.02 0.03 0.05 0.04
NiO 0.10 0.08 0.05 0.05 0.08 0.00
MnO 0.00 0.01 0.01 tr. 0.01 0.01
Cr2O3 0.00 0.03 0.02 0.03 0.02 0.00
CoO 0.03 0.04 0.01 0.01 0.04 0.00
V2O5 0.01 0.02 tr. tr. 0.01 0.00
MgO 0.14 0.01 0.03 0.00 0.01 0.26
ZnO 0.00 0.03 tr. 0.00 0.03 0.00

Total 100.94 99.27 100.17 100.94 100.41 99.92

Ab 21.3 5.8 76.4 83.5 7.2 23.1
An 78.6 94.2 23.5 14.4 92.8 76.5
Or 0.1 0.0 0.1 2.1 0.0 0.4

Abbreviations: n.d.: not determined; tr.: <0.01 wt%; Ab: mol% albite; An: mol% anor-
thite; Or: mol% orthoclase.
Source of samples: PLG111: locality unknown; PLG114: locality unknown; PLG115:
Carter Mine, Holcomb Ranch, Madison Co., NC, USA; PLG120: near Crown Point, Es-
sex Co., NY, USA; PLG122: Grass Valley, Nevada Co., CA, USA; PLG130: Split Rock,
MN, USA.

a All Fe reported as Fe2O3.

Table 1i

Basalt Phyllosilicates Sulfates

wt%
NMNH#

SA-51 CHM102
R4558

MON101 NON101 SPT107 SPT143 SPT207

SiO2 48.47 21.77 65.85 61.40 0.02 0.00 0.71
Al2O3 12.33 5.62 19.89 9.49 0.00 0.06 0.51
FeO 9.42 29.09 0.26 0.79 0.16 0.00 0.52
Fe2O3 7.79 25.92 5.65 22.08 89.76 0.00 0.22
MgO 4.29 4.06 2.02 1.07 0.18 25.09 0.47
CaO 7.50 6.36 0.94 0.10 0.22 0.46 97.33
Na2O 2.12 0.77 1.30 0.15 6.79 0.94 0.15
TiO2 4.15 0.23 0.67 0.38 0.00 0.00 0.01
Cr2O3 0.04 0.04 tr. tr. tr.
V2O5 0.06 0.07 0.01 0.01 0.01 tr.
NiO 0.00
MnO 0.25 0.51 0.02 0.03 0.02 0.01 0.00
P2O5 0.88 1.71 0.04 0.51 0.04 0.04 0.03
K2O 1.51 0.06 2.90 3.67 2.15 0.09 0.04
SrO 0.10 0.28
ZrO2 0.08 0.01
SO3 27.87 46.31
LOIa 15.45 20.87 10.38 8.56 31.63 38.11 20.91

Total 98.99b 99.34 99.57 99.76 99.38b 26.69b 100.28b

Abbreviations: MNMH#: ID number of samples from the Smithsonian Institution Na-
tional Museum of Natural History; tr.: <0.01 wt%.
Source of samples: SA-51: Roza Dike, Columbia River basalt, Wallowa Co. OR, USA;
CHM102: Chamois, France; MON101: Cameron, AZ, USA; NON101: Allentown, Lehigh
Co., PA, USA; SPT107: Skouriotissa mine, Cyprus; SPT143: Basque Lakes, near
Ashcroft, BC, Canada; SPT207: Gypsumville, MB, Canada.

a LOI: weight loss upon heating sample in air to 950 ◦C.
b Total expressed on an LOI-free basis.

lengths, and lack of a reliable UV reflectance standard. Our adopted
experimental procedure attempted to minimize the effects of all of
these potential difficulties.

The instrument used for the spectral measurements was an
Ocean Optics S-2000 spectrometer equipped with a grating that
provides coverage from 200 to 859 nm with spectral resolution
between 0.36 nm (at 200 nm) and 0.28 nm (at 859 nm). Illu-
mination was provided by an Analytical Instrument Systems Inc.
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Mini-DTA light source which utilizes a 50-W deuterium lamp. Af-
ter experimenting with multiple configurations we found that the
best compromise between integration time and signal-to-noise ra-
tio was provided by delivering the illumination through a bifur-
cated fiber optic bundle consisting of six illumination fibers sur-
rounding a central pick-up fiber feeding into the detector array.
This assembly consisted of 400-μm diameter solarization-resistant
(XSR) fibers, with transmission efficiencies between 23 and 40%
across the 200–400 nm range. The fiber optic bundle was used
in normal incidence and we used an integration time of 500 ms
and averaged 900 individual spectra. Extensive tests of our instru-
ment also showed that, for our particular spectrometer, we could
saturate the detector outside of our wavelength range of interest
and not affect the spectra in the 200–400 nm range. This allowed
us to increase integration times by a factor of ∼10 over the time
that would have been required to avoid detector saturation. This
resulted in a measurement time of ∼8 min per standard, sam-
ple, or dark current. Measurements for each sample were made
by first acquiring a dark current spectrum (with the input to the
spectrometer blocked), a reference spectrum of our BaSO4 standard
(see below), followed by measurement of the sample. All three
measurements were made using an identical viewing geometry, in-
tegration time, and number of averaged spectra. The reference and
target were both placed at the same distance from the end of the
fiber bundle (5 mm). The fibers have a 25◦ field of view, and this
working distance provided the best compromise between measure-
ment time, uniform target illumination, and size of the sample
being imaged. The most appropriate definition of the set-up is a
biconical arrangement with i and e centered on ∼0◦ and detector
and illumination fields of view of ∼25◦ .

The lack of a well-calibrated and/or uniform powdered re-
flectance standard was, and remains, an issue of concern. While
many potential reflectance standards are known and have been
calibrated to as low as ∼250 nm, there was a general lack of in-
formation on the optical properties of materials between 200 and
250 nm. In addition, there were concerns about differences be-
tween the way reflectance standards are calibrated versus the way
we proposed to conduct our spectral measurements. The results
of Saunders and Ott (1976) concerning fluorescence of halon be-
ing significant depending on how spectral measurements are con-
ducted were instructive in this regard. We evaluated a wide vari-
ety of materials as potential reflectance standards, including halon,
Spectralon, BaSO4, MgF2, BaF2, CaF2, pure Al powder, steel plates,
and roughened Al sheets. The fluoride compounds were examined
because they are widely utilized in UV photolithography. We found
that all these materials exhibited downturns in reflectance below
∼250 nm. Deviations from constant reflectance were evaluated by
comparing bidirectional (i = 30◦ , e = 0◦) reflectance of these po-
tential standards to the light directed directly at the detector.

We settled on BaSO4 as an intermediate reflectance standard
because of its stability and other beneficial properties as discussed
above. We used a synthetic high-purity BaSO4 powder (Alfa Ae-
sar Puratronic grade: 99.998% metals basis; CAS #7727-43-7). This
material was placed in an Al sample holder with a central bore
20 mm wide and 10 mm deep. These dimensions ensured that es-
sentially no light interacted with the sample holder. The powder
was gently tamped into the sample holder and a flat diffuse sur-
face was achieved by tapping the sample holder, “chopping” the
powder with the edge of a glass slide to fill in surface irregulari-
ties, and drawing the edge of the glass slide across the powder in
a sawing motion to provide a final matte surface.

This arrangement provided excellent repeatability but did not
provide absolute reflectance data. This is due to the fact that BaSO4
is known to have spectral features below 400 nm (Grum and
Luckey, 1968; Grum and Saltzman, 1976; Hapke and Wells, 1981),
and its spectral behavior below 250 nm is poorly constrained. To
Fig. 1. Reflectance spectrum of BaSO4 relative to UV mirror used to correct spectra
for deviations from ideal reflectance for BaSO4.

correct for the deviations of BaSO4 from ideal reflectance we uti-
lized a precision DUV-enhanced mirror from Edmund Optics. This
mirror has reflectance between 86% at 200 nm and 90% at 390 nm
at normal incidence. The “absolute” reflectance of our BaSO4 stan-
dard as measured against the DUV mirror, is very similar in shape
to that measured by Hapke and Wells (1981), exhibiting a broad
weak absorption band centered near 320 nm and a decrease in
reflectance below ∼260 nm. The reality of an apparent upturn
in reflectance shortward of ∼210 nm seen in our BaSO4 spec-
trum could not be independently confirmed. The overall shape of
the BaSO4 standard was also consistent with the measurements
where no optical fibers were used, and the deuterium light was
shone directly onto the spectrometer as the standard, and set at
90◦ viewing geometry for measurement of the BaSO4 reflectance
(Fig. 1).

Deuterium lamps do not provide a smooth spectral output but
include a number of emission features of variable intensity, par-
ticularly near 205, 211, 238, 255, and 400 nm. These emission
lines proved useful for ensuring that the working distance for the
sample and standard was maintained throughout the experiment.
However, it was also found that the most intense deuterium fea-
tures, in the 205, 211, and 390–400 nm regions, were present in
the BaSO4 spectra when measured against the DUV mirror (see
below) and when no fiber optics were used and the incident light
was directed at the spectrometer and with a 90◦ viewing geome-
try for the BaSO4. Our interpretation of this is that the light path is
effectively different for BaSO4 versus a mirror or directly through
air because some of the light will scatter within the BaSO4 be-
fore reaching the spectrometer, thereby effectively increasing its
path length versus the standard mirror surface measurement. Con-
sequently, spectral artifacts in the form of narrow (�3 nm wide)
peaks and valleys appeared in the 200–212 and 390–400 nm re-
gions.

The DUV mirror allowed us to correct the BaSO4 spectrum
for deviations from flat (ideal) reflectance. To determine absolute
reflectance, we assumed that our BaSO4 standard has 100% re-
flectance at 400 nm. This is within 1% of its actual value, and was
checked against Spectralon and halon, and has been confirmed by
other investigators (e.g., Commission Internationale de L’Eclairage,
1979; Hapke and Wells, 1981). Thus to derive absolute reflectance
for our samples, we utilize the following equation:

Absolute reflectance = (sample reflectance)

(BaSO4 reflectance)

× (normalized BaSO4)
.

(DUV mirror)
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Fig. 2. Reflectance spectrum of ilmenite (ILM101, <45 μm) measured against BaSO4

and corrected for deviations of BaSO4 reflectance from ideality.

Dark current was subtracted from each term prior to calculating
absolute reflectance. The effects that the assumption that BaSO4
is a perfect diffuse reflector has on mineral spectra are shown in
Fig. 2. It can be seen that the uncorrected data can show drastically
different spectral shapes, particularly at shorter wavelengths. The
artifacts introduced in the 390–400 nm region can also been seen
in the corrected spectra. The corrected spectra have been posted
to our web site: http://psf.uwinnipeg.ca.

In summary, the experimental procedure used in this study, and
which provided the most reliable data, consisted of a UV-enhanced
bifurcated fiber optic assembly with both illumination and detec-
tor fibers oriented normal to the sample, and a deuterium light
source. A powdered BaSO4 reflectance standard was used and was
calibrated by both a DUV mirror and by shining the output of the
lamp directly into the entrance aperture of the spectrometer.

5. Causes of UV absorption

The 200–400 nm spectra of most geological minerals are domi-
nated by the intense metal–O charge transfer absorption that leads
to generally decreasing reflectance toward shorter wavelengths, of-
ten with a local reflectance minimum in the 200–300 nm interval
(e.g., Wagner et al., 1987). Few additional resolvable absorption
bands are expected in this region for common rock-forming min-
erals (e.g., Burns, 1970, 1981; Cloutis, 2002). Most planetary tar-
gets also generally exhibit a decrease in reflectance toward shorter
wavelengths (e.g., Lucke et al., 1973, 1976; Butterworth and Mead-
ows, 1985; Calvin et al., 1995; Noll et al., 1995).

For common geological materials, the main cause of absorp-
tion in this wavelength is intense Fe–O charge transfer absorptions
(e.g., Tossell, 1979), although other transition series elements also
lead to metal–O charge transfer absorption bands in this region
(McClure, 1962; Loeffler et al., 1974). In the case of lunar materials,
it has been suggested that the Ti4+–O charge transfer may be the
greatest contributor to low reflectance in the UV (Tossell, 1979).
Energy level calculations and experimental data provide informa-
tion on where various metal–O charge transfer bands are expected
(Table 2). Given the abundance of Fe and Ti relative to other tran-
sition series metals, our analysis has focused on these elements.

Both Fe3+ and Fe2+ can give rise to Fe–O charge transfer bands.
Fe3+–O charge transfer bands are generally two orders of mag-
nitude stronger than Fe2+–O bands (Soshea et al., 1958; Blazey,
1977). The wavelength position of Fe3+–O transitions appears to be
largely insensitive to metal–O distances (Sherman, 1983). In trans-
mission spectra of Fe-doped MgO, two strong, resolvable Fe3+–O
bands are seen at 217 and 280 nm, as well as weaker bands
Table 2
Expected metal–O charge transfer absorption bands

Metal–O Wavelength (nm) Source of data

Octahedral Fe3+ 234, 280, 340, 395 1, 2
Non-octahedral Fe3+ 217 5
Tetrahedral Fe2+ 343 1, 2
Octahedral Fe2+ 267 1, 2

<300 4
250, 380 5

Octahedral Ti4+ 259, 296 1, 2
250–300 3

Octahedral Ti3+ 216, 242 1, 2
Octahedral Cr3+ 169 1, 2
Octahedral V3+ 253, 303, 322 6
Octahedral Co3+ ∼330 6
Octahedral Mn3+ <200 6
Octahedral Ni2+ <200 6

Source of data: 1: Loeffler et al. (1974); 2: Tossell et al. (1974); 3: Tossell (1979);
4: Strens and Wood (1979); 5: Blazey (1977); 6: McClure (1962).

near 312 and 394 nm, the latter of which is generally not well-
resolved (Blazey, 1977). In general, Fe3+–O charge transfers lead to
a sharp rise in absorbance (decrease in reflectance) toward shorter
wavelengths below ∼500 nm, and this absorption edge moves to
longer wavelengths with increasing Fe3+ content (Blazey, 1977;
Smith, 1978; Keppler et al., 1994).

Octahedrally-coordinated Fe2+ in Fe-doped MgO gives rise to
an absorption feature near 380 that seems to be composed of
a band at 378 nm due to octahedrally-coordinated Fe2+ and a
more intense band at 381 nm due to non-octahedrally-coordinated
Fe2+. The most intense absorption feature associated with Fe2+ is
a band centered near 253 nm that is attributed to octahedrally-
coordinated Fe2+–O charge transfer (Blazey, 1977).

The edge of the Fe–O charge transfer generally occurs at longer
wavelengths for Fe3+ than Fe2+ (Soshea et al., 1958; Burns et al.,
1976; Blazey, 1977; Smith, 1978; Keppler et al., 1994). Calculated
energies of the highest wavelength Fe–O charge transfer transi-
tions for Fe in octahedral coordination are 267 nm (37,500 cm−1)
for Fe2+ versus 395 nm (29,400 cm−1) for Fe3+ (Tossell et al.,
1974). The Fe3+–O charge transfer is particularly intense and can
be present in olivine spectra, even though Fe3+/Fe2+ ratios of
olivine are very low (Ullrich et al., 2002).

6. Results

The results of our UV spectral measurements are presented by
major mineral groups. A number of these groups include multi-
ple samples in the case of groups with solid solution series (e.g.,
olivine, pyroxene, plagioclase feldspar), and/or a range of grain
sizes.

6.1. Meteoritic metal

A hand-ground <45 μm size powder of fusion crust- and
alteration-free metal (Fe–Ni alloy) from the Odessa coarse octa-
hedrite was included in this study. The spectrum was measured
within 2 weeks of the grinding, thereby minimizing the formation
of any iron oxide coating. Spectrally, the sample shows reflectance
decreasing toward shorter wavelengths, with no significant super-
imposed metal–O absorption bands (Fig. 3a), as expected, and sim-
ilar to reflectance spectra of comparable metals measured by other
investigators (Dollfus et al., 1980; Wagner et al., 1987).

6.2. Hematite

Hematite (ideal formula Fe2O3) consists of octahedrally-coor-
dinated sites occupied by Fe3+, which should give rise to in-
tense absorption bands near 230, 290, 345 and 395 nm (Loeffler

http://psf.uwinnipeg.ca
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(a) (b)

(c) (d)

(e) (f)

Fig. 3. Reflectance spectra (200–400 nm, unless otherwise indicated) of various samples: (a) meteoritic metal (MET100, <45 μm); (b) hematite (all <45 μm); (c) hematite
(HEM103) for various grain sizes; (d) goethite (OOH003, <45 μm) and magnetite (MAG103, <45 μm); (e) TiO2 polymorphs anatase (PIG007, <45 μm) and rutile (PIG008,
<45 μm); (f) ilmenites (<45 μm); (g) same as (f) but for the 200–860 nm range (excluding ILM102); (h) ilmenite (ILM103) for various grain sizes; (i) same as (h) but for the
200–860 nm range; (j) palagonitic soils (<45 μm). Sample compositions are provided in Table 1.
et al., 1974; Tossell et al., 1974; Sherman and Waite, 1985). Re-
flectance spectra of three different hematites, as well as a series
of different grain sizes of one hematite were measured (Figs. 3b–
3c). All three hematites have low absolute reflectance and exhibit
similar spectral features: reflectance maxima near 220, 265, and
320 nm, and generally poorly-defined and broad, shallow minima
near 240, 280, and 345 nm. UV reflectance spectra of hematite
measured by other investigators often show little spectral detail in
this region, but most of the features seen in our spectra are also
present in some other hematite spectra (Strens and Wood, 1979;
Wagner et al., 1987). The absorption bands can all be assigned
to Fe3+–O charge transfers (Sherman and Waite, 1985). Increas-
ing hematite grain size lead to a generally small increase in overall
reflectance, but this increase is not systematic. In all cases, the re-
flectance maxima and minima do not change position appreciably,
and remain equally well- (or poorly-) resolved for all grain sizes.
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(g) (h)

(i) (j)

Fig. 3. (continued)
6.3. Goethite and magnetite

Goethite (a-FeOOH) consists of octahedrally-coordinated Fe3+,
with coordination provided by three O and three OH, thus we
expect its UV spectrum to be dominated by Fe3+–O absorption
bands. Magnetite (Fe2+Fe3+

2 O4) consists of octatetrahedral sites
occupied by both Fe3+ and Fe2+, and tetrahedral sites occupied
by Fe3+. Both goethite and magnetite have been suggested as
possible precursors to hematite on Mars (e.g., O’Connor, 1968;
Gooding, 1978; Bell, 1992; Burns, 1993a; Christensen and Ruff,
2004). The UV spectrum of goethite (Fig. 3d) is characterized by
absorption bands near 240 and 330 nm, attributable to an Fe3+–O
charge transfer and an Fe3+ spin-forbidden transition, respectively
(Sherman and Waite, 1985). Our spectrum is similar to that of
Strens and Wood (1979), but their major absorption band near
270 nm is only present as a shoulder on the more intense 240 nm
absorption band in our spectrum. This likely arises from the differ-
ences in the way the published spectra were calculated from their
laboratory measurements.

The magnetite UV spectrum (Fig. 3d) exhibits an absorption
band near 230 nm, a broad, weak band between 270 and 290 nm,
and an additional broad, weak feature near 350 nm. The over-
all decrease in reflectance toward shorter wavelengths and the
absorption band near 230 nm are also seen in other magnetite
spectra (Strens and Wood, 1979; Hapke et al., 1978; Wagner et al.,
1987). The absorption coefficient of magnetite peaks near 230 nm
(Pang et al., 1982). The absorption features can be attributed
to octahedrally-coordinated Fe3+ and Fe2+ (Loeffler et al., 1974;
Tossell et al., 1974).

6.4. Titanium dioxide

The two most common polymorphs of TiO2, rutile and anatase,
consist of octahedrally-coordinated Ti4+, with different octahe-
dral stacking. The structural differences should give rise to spectra
with common absorption bands but possibly differing in position.
Mariner 9 UV spectra of dust clouds have been interpreted as
indicating the presence of a few percent of anatase, a TiO2 poly-
morph (Pang and Ajello, 1977), based on decreasing absorption
with increasing wavelength from 210 to 350 nm, a sharp absorp-
tion dropoff below 210 nm, and a “shoulder” between 240 and
250 nm. UV reflectance spectra may not be directly applicable to
analysis of dust cloud spectra, but they can at least provide some
guidance in the interpretation of such spectra. Our UV reflectance
spectra (Fig. 3e) show differences in band positions that are likely
attributable to structural differences. Both show a reflectance in-
crease toward 210 nm, a shoulder (change in spectral slope) near
240 nm, and a sharp increase in reflectance longward of ∼350 nm.
The rutile spectrum shows weak absorption bands near 270 and
350 nm, with a local reflectance maximum near 305 nm, where
the optical density is maximum (Bevan et al., 1958), and corre-
sponds to a predicted reflectivity peak (Tossell et al., 1974). The
anatase spectrum shows a broad region of absorption between
∼260 and 340 nm region, with reflectance rising gradually to the
inflection near 240 nm. To first order, anatase provides a reason-
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able match to the spectral features in the Mars dust originally
attributed to this mineral by Pang and Ajello (1977).

6.5. Ilmenite

Ilmenite (FeTiO3) consists of octahedrally-coordinated sites oc-
cupied alternately by Fe2+ and Ti4+. Hematite is a common acces-
sory phase in terrestrial ilmenites, which consists of octahedrally-
coordinated Fe3+-occupied sites as discussed above. Pure ilmenite
is expected to exhibit absorption bands near 260–270 and 300 nm
(attributable to Fe2+– and Ti4+–O transitions). The presence
of hematite will contribute additional absorption features near
217 nm and 340 nm.

None of the three natural ilmenite samples are pure, as all con-
tain Fe3+ (Table 1); the synthetic sample is presumed to be pure
stoichiometric FeTiO3. Our ilmenite spectra (Figs. 3f–3g) and those
of other investigators (Strens and Wood, 1979; Wagner et al., 1987)
show variable spectral behavior. The ILM101 and 102 spectra indi-
cate the presence of hematite, inferred from an absorption feature
near 350 nm. The ILM103 and ILM200 spectra do not show this
hematite feature: their spectra show reflectance increasing toward
shorter wavelengths from 400 down to ∼310 nm, generally flat-
tening out between 310 and 250 nm, and then decreasing below
∼250 nm. They both show weak reflectance maxima near 260 and
340 nm, consistent with the behavior of opaque minerals (Wagner
et al., 1987; Hapke, 2001). Changing ilmenite grain size (ILM200)
has no discernible effect on spectral shape, although overall re-
flectance does change by a few percent (Figs. 3h–3i). The ilmenite
spectrum of Wagner et al. (1987) is of a natural terrestrial sam-
ple of unknown composition and its shape is broadly similar to
that of the low-Fe3+ (ILM103) and synthetic ilmenite spectra, in
particular the reflectance increase shortward of 400 nm. The re-
flectance spectrum of <25 μm size ilmenite powder (Hua et al.,
1976) shows a slight increase in reflectance shortward of 400 nm,
with local maxima near 250 and 330 nm and local minima near
230 and 350 nm. The synthetic ilmenite spectrum of Strens and
Wood (1979) shows reflectance increasing shortward of 400 nm
with absorption features near 300 (appearing as a shoulder) and
230 nm.

Overall these results indicate that ilmenite reflectance spectra
are blue-sloped in the 250–400 nm range, likely due to the rel-
ative weakness of Fe2+– and Ti4+–O charge transfer bands near
270 and 360 nm compared to the major Fe2+–Ti4+ charge trans-
fer band near 500 nm (Strens and Wood, 1979). Reflectance would
increase shortward of 500 nm as one moves away from this ab-
sorption band, and the Fe2+– and Ti4+–O charge transfer bands
are comparatively weak enough to not result in an overall decrease
in reflectance shortward of 400 nm. The decrease in reflectance
shortward of ∼250 nm is likely due to the combined effects of
multiple metal–O charge transfers.

6.6. Palagonitic soil

Palagonitic soil is a largely amorphous material that is a spec-
tral analogue for Mars dust (Morris et al., 2001). It is gener-
ally derived from devitrification of basaltic glass and is often
colored orange-red by the presence of nanophase ferric oxides/
oxyhydroxides, such as hematite and goethite, and possibly other
phases (e.g., Morris et al., 1989, 1993, 2001), and hence its UV
spectrum should be dominated by these phases. Both palagonitic
soil samples used in this study exhibit similar UV spectra (Fig. 3j):
a weak maximum near 240 nm and minima near 220 and 270 nm,
with reflectance increasing toward longer wavelengths. These spec-
tra differ from those of our hematite and goethite (perhaps not
surprisingly, since the presumed coloring agent of palagonitic soil
occurs in nanometer-sized grains instead of the tens of microns-
scale grains of our hematite and goethite samples), but have some
similarities to limonite: a weak maximum near 230 nm and an ab-
sorption band near 260 nm (Pang et al., 1982). Unfortunately, the
weak spectral features are not particularly diagnostic of palagonitic
soil and can plausibly be ascribed to plagioclase, which is the only
crystalline material identified in these samples by X-ray diffraction
(Banin et al., 1997; Morris et al., 2001).

6.7. Olivine

The dominant spectrally active metal in olivine [ideal for-
mula: (Mg,Fe)2SiO4] is Fe2+, with lesser amounts of Mn and Ni
(Lumpkin and Ribbe, 1983). Mg and Fe occupy two roughly equiv-
alent octahedrally-coordinated sites, M1 and M2, with an occa-
sional slight enrichment of Fe2+ in the M2 site (Burns, 1970). Both
Mn and Ni preferentially partition into the M2 site (Burns, 1970;
Lumpkin and Ribbe, 1983). Fe3+ abundances in natural olivines are
very low and any Fe3+ that is present would likely occupy the M1
site (Deer et al., 1997). Consequently, olivine UV spectra should
be dominated by an Fe2+–O charge transfer absorption band near
270 nm.

Smith and Langer (1982) measured single crystal transmission
spectra of olivine and found an absorption feature near 295 nm
that they attributed to Fe–O charge transfers. The edge of this
absorption was found to move toward longer wavelengths with in-
creasing Fe content. Cohen et al. (1978) and Wagner et al. (1979)
show reflectance decreasing from 248 (2.8%) to 200 nm (2.5%) for
powdered olivine, with a local minimum near 210 nm. By con-
trast, a powdered fayalite (the iron-rich olivine endmember) spec-
trum showed reflectance increasing from 248 to 200 nm (from
1.3 to 1.7%), and an inflection point near 220 nm. Wagner et al.
(1987) found reflectance decreasing toward shorter wavelengths
for <74 μm olivine powder and a local minimum near 215 nm. The
reflectance spectrum of an olivine powder (<25 μm) measured by
Dollfus et al. (1980) showed a decrease in reflectance to ∼290 nm
and generally flat reflectance at shorter wavelengths, while the re-
flectance spectrum of <25 μm olivine-bearing peridotite shows a
decrease in reflectance toward shorter wavelengths and a local re-
flectance minimum near 260 nm (Dollfus et al., 1980).

The reflectance spectra of our olivine series for <45 μm size
powders are shown in Fig. 4a. There is a general decrease in overall
reflectance with increasing Fe2+ content. The lower Fe2+-content
olivines exhibit two reflectance minima near 217 and 250 nm, sim-
ilar to the bands found by Cohen et al. (1978), Wagner et al. (1979),
and Dollfus et al. (1980). Increasing Fe2+ content (from Fa3.1 to
Fa99.9) results in a number of systematic spectral changes: the local
reflectance maximum between the two absorption bands becomes
less prominent; the band near 217 nm moves toward ∼225 nm;
the 250 nm band moves from 251 to 291 nm; and the overall
spectral slope becomes less red-sloped, similar to the observations
of Cohen et al. (1978) and Wagner et al. (1979). The increase in
reflectance below ∼250 nm for the Fa99.9 olivine was also found
by Wagner et al. (1979). The absorption feature near 217 nm is
likely attributable to small amounts of Fe3+ that may be natu-
rally present in the olivine or as a result of alteration, or possibly
present in minor accessory phases.

As grain size increases for a single olivine, there is a grad-
ual decrease in overall reflectance, and a loss of spectral contrast
(Fig. 4b). The absorption band located near 250 nm exhibits a grad-
ual shift toward longer wavelengths, and becomes much broader.
The local maximum between the 215 and 250 nm peaks also be-
comes less prominent, resulting in a broad region of low overall
reflectance. Below 250 nm, the spectrum becomes increasingly
blue-sloped as grain size increases, similar to the results for pol-
ished surfaces and solid samples (Wagner et al., 1979).
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(a)

(b)

Fig. 4. Reflectance spectra (200–400 nm) of olivines: (a) as a function of composi-
tion (all <45 μm); and (b) OLV003 as a function of grain size. Sample compositions
are provided in Table 1.

6.8. Pyroxene

Pyroxenes [ideal formula: (Mg,Fe2+,Ca)SiO3], and in particular
high-calcium pyroxenes (HCPs), can incorporate many transition
series elements in two non-equivalent octahedrally-coordinated
sites, M1 and M2. The most important cation is Fe2+, although
many terrestrial HCPs can also incorporate substantial amounts of
Fe3+ into their structure. In low-calcium pyroxene (LCPs), Fe2+
largely occupies the M2 site. In HCPs, Ca is more strongly parti-
tioned into the M2 site, with Fe2+ making up any deficiencies, and
the remainder partitioned into the M1 site; Fe3+ preferentially oc-
cupies the M1 site (Cloutis, 2002, and references therein).

The spectra of both LCP and HCP <74 μm powders show re-
flectance decreasing toward shorter wavelengths but with different
rates of decrease (Wagner et al., 1987). Some LCPs exhibit a weak
absorption band, appearing as an inflection, near 250 nm, while
HCPs have a weak band near 270–280 nm. Reflectance spectra
of <25 μm powders of two pyroxene-rich achondrites (Kapoeta
howardite and Tataouine diogenite) both exhibit reflectance de-
creasing toward shorter wavelengths and a few weak superim-
posed absorption features (appearing as inflections) near 250 and
300 nm, and a more well-defined absorption band near 220 nm
(Hua et al., 1976). Reflectance spectra of two eucrites (HCP-rich,
<200 μm grain sizes) show reflectance decreasing below 400 nm,
with Chernovy Kut exhibiting minimum reflectance near 300 nm
while Stannern showed reflectance continuing to decrease to at
least 260 nm (Shkuratov et al., 1985).

Our LCP reflectance spectra (Fig. 5a) are characterized by
rapidly decreasing reflectance toward shorter wavelengths and two
broad absorption bands near 220 and 250 nm for the <45 μm frac-
tions, similar to the results of Hua et al. (1976). These bands are
likely attributable to Fe3+– and Fe2+–O charge transfers, respec-
tively. With increasing Fe2+ content, overall reflectance decreases
and the absorption bands become broader and less well-defined,
consistent with increasing Fe2+ content causing a progressive
deepening of the absorption band. The absorption bands near
220 nm appears to shift from ∼216 to 225 nm with increasing
Fe2+ content, although the band is not well defined in the higher
Fe2+-content sample spectra. The 250 nm absorption band does
not exhibit a systematic shift in position, occurring between ∼245
and ∼255 nm in all cases.

With increasing grain size (PYX032; Fs 41.5), resolution of the
absorption bands becomes more difficult and overall reflectance
decreases (Fig. 5b). We found that the largest grain size (500–
1000 μm) spectrum has higher-than-expected reflectance, perhaps
due to enhanced specular reflection. When normalized, this spec-
trum shows the largest band depth, as expected. There are no
apparent systematic shifts in the absorption band positions with
changes in grain size, although the two major absorption features
are not well resolved.

HCP spectra are more difficult to interpret. This is due to the
presence of appreciable amounts of both Fe3+ and Fe2+ in most
terrestrial samples as well as the availability of two distinct crys-
tallographic sites that can be occupied by Fe2+ and other cations.
Fe2+ site occupancies determine whether the HCP is of spec-
tral type A or B (Adams, 1974). Fourteen HCPs were included in
this study, seven of each spectral type. Our search for spectral–
compositional correlations included separating and aggregating
spectral type A and B and examining spectral properties as a func-
tion of both Fe2+ and Fe3+ content.

This analysis yielded a number of general observations. Both
spectral type A and B HCPs exhibited similar spectral shapes (re-
flectance decreasing from 400 to ∼250 nm and flat or slightly blue
below this value) and absorption bands (two bands near 220 and
270 nm). For spectral type A (Fig. 5c), overall reflectance in the
200–400 nm range was better correlated with Fe3+ content than
Fe2+ content. All the spectra showed two absorption bands near
220 nm and 270 nm; the minimum of the 220 nm band varied
between 220 and 225 nm with the higher Fe2+ and Fe3+ sam-
ple spectra generally exhibiting the band closer to 225 nm. The
270 nm band minimum varied between 270 and 275 nm with the
higher Fe2+ and Fe3+ sample spectra generally exhibiting the band
closer to 275 nm.

For spectral type B HCPs (Fig. 5d), Fe2+, rather than Fe3+,
content appears to be more strongly correlated with overall re-
flectance, although overall reflectance variations are small for
higher Fe-content samples. The spectra exhibit two absorption
bands near 220 and 270 nm. The 220 nm region band has a min-
imum generally between 220 and 225 nm, similar to the type A
HCPs, although the noise in the data and the weakness of the
feature precludes identification of more precise minima in many
cases. The 270 nm absorption feature minimum occurs between
∼250 and 270 nm and is more correlated with Fe3+ content than
Fe2+ content. The band occurs at generally longer wavelengths for
the more Fe3+-rich samples, although the range of Fe3+ contents
is small for these samples (0.00–2.03 wt% Fe2O3). It should be
noted that Fe3+ could occupy both tetrahedral and octahedral sites
in HCPs.

When the HCP spectra are aggregated, the following correla-
tions emerge: the Fe3+-free samples are substantially brighter than
those containing detectable amounts of Fe3+. This is consistent
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(a) (b)

(c) (d)

Fig. 5. Reflectance spectra (200–400 nm) of pyroxenes: (a) low-calcium pyroxenes (<45 μm); (b) low-calcium pyroxene PYX032 for various grain sizes; (c) spectral type A
high-calcium pyroxenes (<45 μm); (d) spectral type B high-calcium pyroxenes (<45 μm). Sample compositions are provided in Table 1. Ferrosilite contents (mol% Fs) are
indicated for each sample in (a), (c), and (d).
with the wide-ranging spectral-darkening effect of Fe3+, whose
broad absorption band extends into the visible region (Blazey,
1977; Smith, 1978; Keppler et al., 1994). The wavelength positions
of both the 220 and 270 nm absorption bands generally increase
with increasing Fe3+ content, although a well-defined trend could
not reliably be constructed due to noise in the 220 nm region and
the broad and shallow nature of the 270 nm absorption feature in
many of the spectra.

6.9. Plagioclase feldspar

The major spectrally active metal in plagioclase feldspar [ideal
formula: (Na,Ca)(Si,Al)4O8] is Fe, which may occur as Fe3+ sub-
stituting for Al in the tetrahedral site, or as Fe2+ in the larger
7-coordinated site in the case of lunar rocks and meteorites (Burns,
1993b; Deer et al., 2001). Thus, in most terrestrial plagioclase
feldspar spectra we can expect absorption bands attributable to
both Fe3+–O and Fe2+–O transitions.

The reflectance spectra of terrestrial plagioclase feldspars mea-
sured by Carver et al. (1975) exhibited diverse spectral behav-
ior. One sample (their #4, anorthosite, 90% plagioclase) showed
reflectance gradually decreasing from 11% at 400 nm to 6% at
200 nm, with inflections near 240 and 300 nm. A second sample
(their #17; brecciated anorthosite) showed reflectance decreasing
from 6% at 400 nm to 1.8% at 200 nm with the spectrum progres-
sively flattening out toward shorter wavelengths. Another sample
(their #12; anorthosite; fine-grained, almost pure anorthite) exhib-
ited reflectance decreasing from 7% at 400 nm to ∼5% at 200 nm,
and minimum reflectance near 210 nm. A fourth sample (their
#25, albite) showed reflectance decreasing from ∼6% at 400 nm
to ∼4% at 200 nm, with a reflectance minimum near 250 nm.
A chip of Apollo 16 anorthosite shows reflectance decreasing from
248 to 200 nm (from 2.7 to 1.6%) (Hapke et al., 1978). The spec-
tra of two plagioclase feldspar powders measured by Wagner et
al. (1987) show reflectance decreasing toward shorter wavelengths
over the 200 to 400 nm range. Inflections and local minima are
present near 230 and 390 nm in at least one of the spectra. The
reflectance spectrum of <25 μm anorthosite powder shows re-
flectance decreasing toward shorter wavelengths with a minimum
near 230 nm (Dollfus et al., 1980). Thus, we expect plagioclase
feldspar powders to be red-sloped over the 200–400 nm interval.

We examined plagioclase feldspar spectra as a function of both
grain size and composition. There is a general correlation between
anorthite and iron content (Adams and Goullaud, 1978). Given that
absorption in the UV is attributable to Fe–O charge transfers, we
examined spectral changes as a function of Fe content. As Fe con-
tent increases, overall reflectance decreases in the UV, and more
well-defined absorption bands appear (Figs. 6a–6b). The reflectance
decrease is consistent with transmission spectra (Bell and Mao,
1973). The absorption bands are located near 225 and 250 nm,
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(a)

(b)

(c)

Fig. 6. Reflectance spectra (200–400 nm) of plagioclase feldspars: (a) for the lower
Fe-content members (<45 μm); (b) for the higher Fe-content members (<45 μm);
(c) PLG130 reflectance spectra as a function of grain size. Fe content (as wt% Fe2O3)
is indicated for each sample. Sample compositions are provided in Table 1.

although the local reflectance maximum between these two fea-
tures is not prominent in the most Fe-rich samples. The presence
of these two features is consistent with contributions from both
Fe3+ (∼225 nm) and Fe2+ (∼250 nm).

These results are similar to the features found by other investi-
gators (Carver et al., 1975; Dollfus et al., 1980; Wagner et al., 1987).
Fig. 7. Reflectance spectra (200–400 nm) of basalt SA-51 for different grain sizes.
Sample composition is provided in Table 1.

The weak and narrow absorption features seen below ∼240 nm in
our spectra are attributable to artifacts from the UV mirror and low
signal-to-noise. Both major bands seem to shift to slightly longer
wavelengths with increasing Fe content, although the bands are
only well resolved in the more Fe-rich sample spectra. The bands
occur near 225 and 253 nm in these samples versus ∼215 and
250 nm in the Fe-poor sample spectra. The absorption bands are
too broad and the shifts too small to derive a reliable correlation
with Fe content.

With increasing grain size (Fig. 6c) plagioclase feldspar shows a
decrease in overall reflectance, accompanied by a gradual move-
ment of the “absorption edge” (where reflectance begins to in-
crease) toward longer wavelengths. The larger grain size spectra
also show the increasing prominence of an absorption feature near
380 nm that is likely attributable to octahedrally-coordinated Fe2+
(Blazey, 1977). Band minima are located near 225 (presumably at-
tributable to Fe3+) and 253 (Fe2+) nm and do not show changes
in position with grain size variations.

6.10. Basalts and gabbros

These rock types are dominated by mafic silicates and plagio-
clase feldspar, and are expected to exhibit UV absorption features
attributable to both Fe2+ and Fe3+ located in the various con-
stituent minerals: i.e., absorption bands near 220 and 270 nm.
Basalts and gabbro slabs exhibit calculated albedos between 1 and
8% in the 200–400 nm region (Carver et al., 1975) with reflectance
decreasing toward shorter wavelengths, and exhibiting a local re-
flectance minimum between 190 and 230 nm. The spectra of the
two basalts and one gabbro included in their study show differ-
ences in the positions of absorption bands and inflection points.
For pulverized lunar rocks, which include gabbro and basalt, all
exhibit reflectance decreasing toward shorter wavelengths over the
200–400 nm interval (Hapke et al., 1978), and some exhibit lo-
cal minima near 220 nm, similar to the spectral behavior of lu-
nar fines. Once again, there is no consistency between the vari-
ous lunar rocks. Hapke et al. (1978) attribute specific absorption
features to various charge transfers: 250 nm to Fe2+–O2+, and
340 nm to Fe2+–Ti4+. The reflectance spectra of a gabbro slab
and various sizes of powder measured by Greenman et al. (1967)
show reflectance generally decreasing from 300 to 250 to 200 nm
(the three wavelengths for which reflectance values are tabulated),
although the magnitude of the decrease differed depending on
which spectrometer was used for the measurements.

Basalts are a useful material to examine the ways that re-
flectance spectra of rocks may differ from those of the con-
stituent minerals. Reflectance spectra of a series of grain sizes of a
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Fig. 8. Reflectance spectra (200–400 nm) of phyllosilicates (<45 μm). Sample com-
positions are provided in Table 1.

Columbia River basalt (Atkinson, 1990), are shown in Fig. 7. As was
the case for the mafic minerals, overall reflectance generally de-
creases and overall spectral slope becomes shallower with increas-
ing grain size. There are suggestions of an inflection near 320 nm,
and an absorption band in the 250–270 nm region whose posi-
tion increases with increasing grain size. These features are also
seen in basalt spectra from other investigators (Carver et al., 1975;
Hua et al., 1976). The basalt sample is volumetrically dominated by
plagioclase feldspar (An ∼58) with lesser amounts of augite, and
subordinate olivine and various oxides (Atkinson, 1990). The inflec-
tion and absorption bands in the basalt spectra cannot be uniquely
assigned to any one constituent mineral, as they are common to
many of the minerals included in this study.

6.11. Phyllosilicates

As with most other minerals, the UV spectral properties of
phyllosilicates will be largely dictated by the nature of any tran-
sition series elements that are present. Metals in phyllosilicates
are normally present in octahedrally-coordinated sites. Ground-
based telescopic and Phobos-2 ISM spectra of Mars were used
to identify possible metal–OH absorptions occurring in phyllosil-
icates or other hydrated minerals on Mars (e.g., Clark et al., 1990;
Murchie et al., 1993; Bell and Crisp, 1993; Bell et al., 1994). More
recently, the Mars Express OMEGA spectrometer has detected evi-
dence for specific phyllosilicates on Mars, including chamosite (Mg,
Fe2+, Fe3+ bearing), montmorillonite (Na, Ca, Al, Mg bearing), and
nontronite (Fe3+ bearing) (e.g., Poulet et al., 2005).

The two Fe-bearing phyllosilicates [chamosite (ideal formula:
(Fe2+,Mg,Fe3+)5Al(Si3Al)O10(OH,O)8) and nontronite (ideal for-
mula: Na0.3Fe3+

2 (Si,Al)4O10(OH)2·n(H2O))] exhibit lower overall re-
flectance than the Fe-poor montmorillonite, as expected (Fig. 8).
The montmorillonite [ideal formula: (Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·
n(H2O)] and nontronite spectra exhibit absorption bands at-
tributable to Fe3+ (∼220 nm) and Fe2+ (∼260, ∼370 nm) (Sherman
and Vergo, 1988). The chamosite spectrum does not exhibit any
well-defined reflectance minima, likely due to the presence of
appreciable Fe3+ and Fe2+, which lowers overall reflectance. An
overall reflectance decrease in montmorillonite spectra has also
been seen by Dollfus et al. (1980).

6.12. Sulfates

The UV spectral properties of sulfates will be largely deter-
mined by their spectrally active metal contents. Fe is the most
abundant metal in common terrestrial sulfates, occurring most of-
ten as Fe3+ (Hawthorne et al., 2000). Martian sulfates have been
Fig. 9. Reflectance spectra (200–400 nm) of sulfate minerals (<45 μm). Sample com-
positions are provided in Table 1.

tentatively identified from ground-based and spacecraft observa-
tions (e.g., Burns, 1987; Blaney and McCord, 1989; Pollack et al.,
1990; Morris et al., 2000; Bandfield, 2002), More recently, anal-
ysis of Mars Express OMEGA spectrometer data has indicated the
presence of a specific polyhydrated sulphate, gypsum, and kieserite
deposits (Gendrin et al., 2005; Langevin et al., 2005), while jarosite
has been detected by Mossbauer spectroscopy on the Mars Explo-
ration Rover Opportunity (e.g., Klingelhöfer et al., 2004).

We have measured the UV spectral reflectance properties
of jarosite [ideal formula: (K,Na)Fe3+

3 (SO4)2(OH)3], hexahydrite
[a polyhydrated sulphate; ideal formula: MgSO4·6(H2O)], and gyp-
sum [ideal formula: CaSO4·2(H2O)] (Fig. 9) to assess whether UV
observations are also capable of detecting and discriminating these
minerals. The gypsum and anhydrite spectra both exhibit a re-
flectance minimum at 225 nm and a weak inflection near 330 nm,
and are largely indistinguishable from each other, likely due to
the low abundance of spectrally active transition series elements
in these samples. These features are likely attributable to Fe3+–O
charge transfers, since this is the most intense metal–O absorp-
tion and even trace amounts of Fe3+ could give rise to Fe3+–O
charger transfers. The jarosite spectrum exhibits minima near 225,
262 and 340 nm, and is unlike the other minerals included in this
study. These features are likely all attributable to Fe3+–O charge
transfers (Sherman and Waite, 1985).

7. Discussion of laboratory spectra

As demonstrated above, the UV reflectance spectra of common
rock-forming minerals are dominated by metal–O charge transfer
absorptions, with the most common metal being Fe. The inten-
sity and wavelength position of UV absorption bands will be de-
termined by the types and abundances of the metals, oxidation
state, and their coordination environment. The strongest Fe3+–O
and Fe2+–O charge transfer bands occur near 217 and 250 nm,
respectively, and the vast majority of the mineral spectra in this
study exhibit both of these features. As the Fe3+–O absorption is
approximately two orders of magnitude more intense than a com-
parable Fe2+–O charge transfer band, this feature appears even
in minerals with low Fe3+ abundances, such as LCP and olivine.
The wavelength positions of the resolvable absorption bands in
the measured mineral spectra are shown in Fig. 10. It is imme-
diately apparent that the various Fe-bearing silicates are highly
overlapped, and all cluster in the region defined by the major Fe3+
(∼220 nm) and Fe2+ (∼250 nm) absorption bands. This suggests
that Fe-bearing silicates are not easily discriminated solely on the
basis of UV band minima positions.
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Fig. 10. Wavelength positions of the band minima for the samples used in this
study (see Table 3). The lowest and highest wavelength bands have been plotted for
the hematites; the weak and broad band near 290 nm has been omitted. Symbols:
filled squares: oxides, hydroxides; open squares: olivines; closed circles: plagioclase
feldspars; open circles: low-calcium pyroxenes; crosses: spectral type B high-cal-
cium pyroxenes; X: spectral type A high-calcium pyroxenes; dashes: basalts. Both
compositional and grain size variations are included for each mineral group where
available.

Further complicating mineral identification using Fe–O charge
transfer band positions is grain size. Increasing grain size has a
number of effects on reflectance spectra in the UV. The intensity
of the Fe3+–O charge transfer, in particular, indicates that even
small amounts of Fe3+ can result in UV absorption bands that ap-
pear to be saturated. Saturated absorption bands can be recognized
by low overall reflectance (generally in the range of a few %) and
asymmetric-appearing absorption features. Many of the minerals
included in this study are suggestive of saturated absorption bands
in the 210–250 nm region. With increasing abundance of Fe, either
due to larger grains (resulting in more volume versus surface scat-
ter) or greater Fe abundance, Fe absorption bands become increas-
ingly broad, and this manifests itself as a gradual shift in the edge
of the rise in reflectance toward longer wavelengths, often accom-
panied by a shift in apparent band minimum toward longer wave-
lengths. The shift in band position likely arises from a combination
of the UV band becoming broader as saturation increases or as it
becomes more intensely coupled with adjacent higher wavelength
bands that become progressively deeper, thereby “dragging” the
UV band minimum toward longer wavelengths. This can be seen
by comparing the montmorillonite and nontronite spectra (Fig. 8).
The two minerals are essentially isomorphous, but the nontronite
is more Fe-rich than the montmorillonite. The higher Fe content
in the nontronite results in the main band minimum occurring at
longer wavelengths (∼270 nm in nontronite vs ∼260 nm in mont-
morillonite).

The results for the different mineral species allow us to assess
how grain size and compositional changes affect UV reflectance
spectra. The plagioclase feldspar spectra show higher overall UV
reflectance compared to the olivines and pyroxenes, suggesting
that they are not saturated in the UV. They do not show any
reliable systematic correlations between wavelength position and
either Fe content or grain size, suggesting that Fe–O band po-
sitions are insensitive to either of these factors for unsaturated
spectra. This is consistent with the nature of metal–O charge trans-
fer bands, whose positions depend only on the covalency of the
metal–O interaction (Sherman, 1983). By contrast, the olivine spec-
tra have much lower overall UV reflectance and do show a shift of
the main 250 nm region absorption band to longer wavelengths
with both increasing Fe2+ content and increasing grain size.
(a)

(b)

(c)

Fig. 11. Reflectance spectra of three different sets of high-calcium pyroxenes: (a) two
samples with similar Fe2+ but different Fe3+ contents: PYX005 and 009; (b) four
samples with no apparent Fe3+ from wet chemical analyses (PYX009, 018, 020, and
150); and (c) three samples with similar Fe2+ but different Fe3+ contents (PYX010,
039, 114).

The sensitivity of the UV spectral region to low abundances of
transition series elements, particularly Fe3+, can be gleaned from
the spectral data for the lowest Fe-content samples, as well as
comparisons of HCP spectra of similar compositions. The spectra
of PYX005 (Fs 9.9, 0.77 wt% Fe2O3) and PYX009 (Fs 9.7, 0.00 wt%
Fe2O3) are shown in Fig. 11a. Even though the PYX009 spectrum
shows only a very small (∼1% band depth) Fe2+–Fe3+ charge
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transfer absorption near 0.75 μm, it does exhibit an absorption fea-
ture near 215 nm, attributable to Fe3+–O charge transfers. PYX005,
containing 0.77 wt% Fe2O3, has a more intense Fe3+–O charge
transfer, as evidenced by the low overall reflectance across the en-
tire 200–400 nm range and the lack of a well-defined Fe3+–O band
near 215 nm.

Examining the reflectance spectra of the HCPs that appear to be
Fe3+-free by wet chemical analysis (PYX009, 018, 020, and 150),
we find that all four spectra exhibit an Fe3+–O charge transfer ab-
sorption near 215 nm, in spite of very low Fe3+ contents (Fig. 11b).
Comparing the reflectance spectra of three HCPs with similar
Fe2+ contents—PYX114 (Fs 19.1, 0.57 wt% Fe2O3), PYX010 (Fs 18.7,
4.83 wt% Fe2O3), and PYX039 (Fs 20.1, 8.70 wt% Fe2O3)—we see
that increasing Fe3+ content results in a decrease in overall re-
flectance and the wavelength position of the reflectance minimum
in the 270 nm region to move to longer wavelengths (Fig. 11c). This
indicates that the UV spectral region can serve as a very sensitive
indicator of even trace amounts of Fe3+; whether this sensitivity
extends to other transition series elements has not been assessed.

The spectrum-altering effects of Fe3+ can also be gauged from
comparison of HCP spectra. PYX005 and 009 differ primarily in
Fe3+ content (Fig. 11a; Table 1). The higher Fe3+ content of
PYX005 translates into lower overall reflectance across the en-
tire 200–400 nm, and extends well into the near-infrared region
(Blazey, 1977). The spectrum-altering effect of Fe3+ appears to be
most pronounced at low Fe3+ abundances. The spectra of PYX114,
010, and 039, which contain progressively increasing amounts of
Fe3+ are more similar in the 200–400 nm region than PYX005
versus PYX009, suggesting that “saturation” of the Fe3+–O charge
transfer band occurs at low Fe3+ abundances, and that the spectral
changes are more gradual beyond the few percent Fe3+ level.

The spectral domination of Fe3+ relative to Fe2+ and the insen-
sitivity of the position of Fe–O charge transfers to small changes
in coordination site symmetry (Sherman, 1983) indicate that most
minerals that contain Fe3+ and Fe2+ will exhibit absorption bands
near 220 and 260 nm. As a result, band minima do not provide
a reliable means to separate different mineral species (Fig. 10).
When combined with the shifts in band minima that can occur
due to band saturation, arising either from increases in Fe content
or changes in grain size, the use of UV band minima for mineral
identification is further degraded. As an example, band minima in
the 260 nm region of <45 μm size olivine moves to longer wave-
lengths with increasing Fe content as well as with increasing grain
size (Table 3). UV band positions alone are insufficient to distin-
guish an increase in Fe2+ content from an increase in grain size
in this case. The minerals with unsaturated absorption bands do
not exhibit shifts in band positions with changes in Fe content for
unsaturated absorption bands. Spectra with saturated bands (e.g.,
hematite) also do not exhibit consistent shifts in minima positions
with variations in composition or grain size.

One factor that could potentially be used to separate out the ef-
fects of increasing grain size from band saturation is the intensifi-
cation of weaker Fe–O absorption bands. As seen in the reflectance
spectra of the plagioclase feldspar grain size series (Fig. 6c), the
weak 370 nm Fe2+–O charge transfer band becomes progressively
deeper with increasing grain size. However, a rigorous analysis of
the intensification of weak bands with grain size increases is be-
yond the scope of this paper.

In spite of these limitations, the fact remains that absorption
bands attributable to different metals and coordination environ-
ments are sometimes unique. This is most evident in the rutile
and anatase spectra, where Ti4+–O charge transfer bands occur
in different positions for these two spectra in spite of identical
compositions and coordination environments, but differing only
in the arrangement of the octahedrally-coordinated sites. Thus, it
would be possible in some situations to identify specific metal-
Table 3
Wavelength positions of band minima in the UV

Mineral wt% FeO wt% Fe2O3 Grain size (μm) Band minima (nm)

Hematites
HEM101 0.19 97.40 <0.14 253 ∼290 347
HEM102 0.91 96.66 <45 250 ∼290 345
HEM103 1.33 96.35 <45 250 ∼290 345
HEM103 1.33 96.35 45–90 240 ∼290 345
HEM103 1.33 96.35 90–250 240 ∼290 345
HEM103 1.33 96.35 250–500 240 ∼290 345
HEM103 1.33 96.35 500–1000 235 ∼290 345

Goethite
OOH003 89.29a <45 240 330

Magnetite
MAG103 28.80 60.38 <45 230 280 350

TiO2 polymorphs
PIG007 0.00 0.00 <45 240 320
PIG008 0.00 0.00 <45 270 350

Ilmenites
ILM101 1.38 33.05 <45 220 353
ILM101 1.38 33.05 45–90 220 353
ILM102 24.64 18.61 <45 220 360

Palagonitic soil
PAL101 2.77 12.58 <45 220 270
PAL102 13.1a <45 220 270

Olivines
OLV007 3.12b <45 217 251
OLV008 7.15 0.00 <45 215 252
OLV003 9.25 0.59 <45 217 252
OLV003 9.25 0.59 45–90 217 258
OLV003 9.25 0.59 90–250 225 272
OLV003 9.25 0.59 250–500 225 278
OLV003 9.25 0.59 500–1000 225 275
OLV002 13.92b <45 217 256
OLV103 15.88b <45 220 260
OLV022 36.37b <45 225 268
OLV011 66.48b <45 222 291

Low-calcium pyroxenes
PYX108 5.29 1.13 <45 216 250
PYX023 6.36 0.83 <45 216 253
PYX042 8.93 0.84 <45 216 250
PYX110 9.19 0.44 <45 216 245
PYX119 9.92 0.72 <45 218 250
PYX117 16.17 1.02 <45 225 252
PYX003 17.30 1.43 <45 225 250
PYX032 23.65 5.11 <45 225 250
PYX032 23.65 5.11 <45 225 250
PYX032 23.65 5.11 45–90 227 255
PYX032 23.65 5.11 90–250 230 250
PYX032 23.65 5.11 250–500 230 250
PYX032 23.65 5.11 500–1000 225 255

High-calcium pyroxenes (spectral type B)
PYX018 2.42 0.00 <45 216 262
PYX017 4.88 1.25 <45 223 267
PYX034 5.21 2.03 <45 217 265
PYX005 5.93 0.77 <45 220 253
PYX036 8.18 1.71 <45 227 260
PYX114 11.34 0.57 <45 222 251
PYX101 12.99 1.44 <45 217 252

High-calcium pyroxenes (spectral type A)
PYX020 2.07 0.00 <45 223 272
PYX150 2.56 0.00 <45 220 269
PYX009 6.20 0.00 <45 215 272
PYX010 10.18 4.83 <45 222 268
PYX039 10.26 6.47 <45 225 272
PYX038 17.49 8.70 <45 225 273
PYX021 23.25 3.81 <45 225 277

(continued on next page)

coordination environments. However, specific mineral identifica-
tion is largely elusive using only the UV region, given the overlaps
in absorption bands for different mineral groups, the intense na-



336 E.A. Cloutis et al. / Icarus 197 (2008) 321–347
Table 3 (continued)

Mineral wt% FeO wt% Fe2O3 Grain size (μm) Band minima (nm)

Plagioclase feldsparsa

PLG103 0.03 <45 215 250
PLG105 0.07 <45 215 250
PLG106 0.07 <45 215 250
PLG115 0.07 <45 215 250
PLG120 0.14 <45 220 250
PLG104 0.41 <45 220 250
PLG130 0.42 <45 225 253
PLG130 0.42 45–90 223 250
PLG130 0.42 90–250 222 275
PLG130 0.42 250–500 222 270
PLG130 0.42 500–1000 225 273
PLG109 0.43 <45 225 250
PLG114 0.58 <45 225 250
PLG111 0.59 <45 225 250
PLG122 0.61 <45 225 250
PLG108 0.64 <45 225 255

Basaltb

SA-51 14.23 <45 225 250
SA-51 14.23 45–90 225 250
SA-51 14.23 90–250 225 272
SA-51 14.23 250–500 225 270
SA-51 14.23 500–1000 225 272

Phyllosilicates
CHM102 29.09 25.92 <45 230
MON101 0.26 5.65 <45 225 260
NON101 0.79 22.08 <45 230 270

Sulfates
SPT107 0.16 89.76 <45 262 340
SPT143 0.00 0.00 <45 230
SPT207 <45 227

a All Fe reported as Fe2O3.
b All Fe reported as FeO.

ture of these bands, and the unlikely occurrence of monomineralic
exposures on planetary surfaces.

It would be useful to be able to determine band widths as a
possible additional parameter for discriminating different miner-
als, as well as for constraining degree of crystallinity. However, the
UV absorption bands in the 200–300 nm region invariably “ap-
pear” broad, and are superimposed on what is almost always a
broad sloping continuum. There are also additional strong absorp-
tion features at even shorter wavelengths (Wagner et al., 1987). In
addition, and as discussed above, many of the UV Fe–O absorption
features may be saturated (Blazey, 1977). When all of these fac-
tors are coupled with the low overall reflectance in the UV, it is
impossible to ascertain whether the sloping continuum is associ-
ated with the UV absorption features of interest and/or the shorter
wavelength absorption features and how a continuum should be
constructed to isolate the absorption features of interest. It seems
likely that metal–oxygen charge transfers are inherently broad as
metal–oxygen distances vary depending on site geometry, cation
substitutions, degree of crystallinity, and other structural defects.
The most comparable situation would be how crystal field tran-
sition bands become broader and less well-resolved as grain size
increases (e.g., Hunt and Salisbury, 1970). In the UV region, band
broadening due to saturation seems to occur at even the smallest
grain sizes (<45 μm) for many Fe-bearing minerals.

7.1. Spectral changes associated with opaque phases

As discussed below, planetary spectroscopy often involves dis-
cussions of spectral slopes, with terms such as “red-sloped” and
“blue-sloped” commonly used. Reflectance ratios are also often
commonly used to discriminate differences in target properties
(e.g., Robinson et al., 2007). The factors that will change spectral
slopes are many, and a detailed discussion of all of them is outside
the scope of this paper. The results of this study indicate that UV
band saturation seems to affect many Fe-bearing minerals at even
small grain sizes, Here we focus on the effects of opaque minerals
on mafic silicate spectra.

As discussed above, overall spectral slopes of mafic silicates in
the UV region are affected by factors such as Fe abundance and its
oxidation state, and grain size. When opaques are present (such as
ilmenite, meteoritic metal, or SMFe), their effect on spectral slope
of the silicates with which they are associated will be a function
of the grain size and abundance of the opaques, as well as the
wavelengths used to define the spectral slope. Meteoritic metal is
usually considered to be a “red-sloped” material when considered
alongside mafic silicates. However in the 250–400 nm interval, the
<45-μm sized meteoritic metal has a 400/250 nm reflectance ra-
tio of 1.47. Contrast this with olivine: the 400/250 nm ratio for
the <45 μm fraction of OLV003 (a typical low-iron olivine) is 4.57.
Thus, over this interval, olivine is the more red-sloped phase. For
a different wavelength interval and reflectance ratio (e.g., the 500–
2500 nm interval), the 2500/500 nm ratio for the meteoritic metal
and olivine is 1.52 vs 1.32, respectively, thus, over this interval, me-
teoritic metal is more “red-sloped.”

When considering the spectrum-altering effects of opaque min-
erals, they need to be considered in the context of the other
phases with which they are present (in addition to their abun-
dance, grain size, and wavelength region of interest). Thus, there
are many factors that will affect “spectral slope.” In the case of
SMFe and meteoritic iron, their spectra are flatter over the 200- to
400-nm interval than the silicates they are commonly associated
with in lunar and meteoritic samples (pyroxene, olivine, plagio-
clase feldspar). The silicates exhibit their steep reflectance decline
toward shorter wavelengths over this interval, where their spec-
tral behavior changes from surface scatter-dominated at shorter
wavelengths to volume scatter-dominated at longer wavelengths.
By contrast, opaque minerals are dominated by surface scattering.
Therefore when spectral slopes or ratios are used that straddle the
silicate spectral dropoff, increasing opaques (whether ilmenite or
meteoritic metal) will generally show a bluing effect. This may or
may not be accompanied by a decrease in reflectance: ilmenite re-
flectance in the 200–400 nm region is higher than some of the
mafic silicates used in this study. Therefore, the abundance of
opaque minerals, and the spectral nature other minerals that they
are associated with, will determine whether the spectrum of a
mixture in which they are present is: red-sloped, how red-sloped,
red-sloped over what interval, the wavelength position of the re-
flectance rise associated with the change in spectral slope, and the
intensity of the reflectance rise.

8. UV planetary spectroscopy

In many remote sensing situations, reflectance data are acquired
at discrete wavelengths rather than in contiguous band passes.
This necessitates the use of different analytical tools, such as re-
flectance ratios, rather than absorption band positions, to attempt
to constrain surface mineralogies. While a number of recent and
upcoming planetary missions will be acquiring UV reflectance data
across contiguous band passes, discrete band pass data is being,
and will continue to be, widely used. We have examined a num-
ber of reflectance ratios that have been used in previous planetary
remote sensing campaigns in order to ascertain the utility of re-
flectance ratios for planetary mapping based on UV data.

One factor worth noting in relation to reflectance ratios is that
they can be affected by variations in a number of target properties.
For the olivine and plagioclase grain size series, the 344/290 and
502/290 nm reflectance ratios (chosen for their utility for lunar
surface mapping; Robinson et al., 2007) initially increase and then
decrease with increasing grain size (Fig. 12a, Table 4). Changes in
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(a) (b)

(c) (d)

Fig. 12. (a) 502/290 versus 344/290 nm reflectance ratio for lunar analog minerals included in this study. The areas occupied by lunar surface and sample spectra are
outlined. The direction of change in reflectance ratios for variations in various parameters are indicated by arrows. Increasing olivine and plagioclase grain sizes lead to an
initial increase, followed by a decrease in reflectance ratios with progressively increasing grain size. (b) Same as panel (a) but showing the trends exhibited by the sample
spectra of Noble et al. (2007). The areas occupied by ilmenites and lunar surface and sample spectra, and the point for meteoritic metal are also indicated. The arrows
indicate the trajectories in reflectance ratios for the two smallest grain size series of Noble et al. (2007). Reflectance values at 300 nm rather than 290 nm were used for the
Noble et al. (2007) ratios because of a lack of data below 300 nm. Note change of scale from panel (a). (c) Same as panel (a) for lunar samples. Symbols and sources of data:
filled square: immature mare soils (Noble et al., 2001); filled circle: submature mare soils (Wagner et al., 1987; Noble et al., 2001); filled downward triangle: mature mare
soils (Conel and Nash, 1970; Hapke, 2001; Noble et al., 2001); open square: immature highland soils (Noble et al., 2001); open circle: submature mare soils (Noble et al.,
2001); open downward triangle: mature highland soils (Wagner et al., 1987; Noble et al., 2001); cross: lunar surface (Lucke et al., 1973, 1976); filled hourglass: mare rocks
(Conel and Nash, 1970; Wagner et al., 1987; Hapke, 2001); open circle and cross: highland rocks (Wagner et al., 1987); open hourglass: mare soils (Nash and Conel, 1971;
Antipova-Karataeva et al., 1973; Hua et al., 1976; Wagner et al., 1987); open upright triangle: highland soils (Hua et al., 1976); X: ilmenites (this study); –: meteoritic metal
(this study). (d) Same as panel (a) for various “treatments”; filled square: irradiated mare rock (Conel and Nash, 1970); filled circle: irradiated mare rock (Hapke, 2001); open
square: magnetic vs non-magnetic mare soil (Hapke, 2001); open circle: Apollo 11 rock vs glass vs soil (Hapke, 2001); X: ilmenites (this study); –: meteoritic metal (this
study).
the direction of reflectance ratio variations are due to the compet-
ing effects of decreasing overall reflectance with increasing grain
size and absorption band saturation. Initially overall reflectance
decreases as grain size increases and absorption bands become
deeper. The increase in band depth is greater than the decrease
in overall reflectance and the 344/290 and 502/290 nm reflectance
ratios are a rough measure of the depth of the Fe2+–O charge
transfer band located near 270 nm.

As grain size further increases, the main absorption band be-
comes saturated, and as a result reflectance in the area of satura-
tion decreases only very gradually, if at all, with further increases
in grain size. However reflectance continues to decrease with in-
creasing grain size outside the area of saturation. The absorption
band appears to become wider with an increasingly broad flat bot-
tom. Reflectance ratios based on a value at a wavelength outside
the area of saturation (e.g., 502 nm) to a value at a wavelength
inside the area of saturation (e.g., 290 nm) will consequently be-
gin to decrease as the 502 nm value continues to decrease and
the 290 nm value is essentially constant or decreasing less rapidly.
The point at which a band becomes saturated is a function of the
competing effects of surface versus volume scattering.

Reversals in the direction of change in reflectance ratios are also
seen for nanophase iron embedded in silica gels (Fig. 12b; Noble et
al., 2007). In this case, the variations in reflectance ratio are a func-
tion of both the abundance and size of the nanophase iron parti-
cles. All but the largest size (50 nm) of the nanophase particle runs
exhibit initial increases in 344/290 and 502/290 nm reflectance ra-
tios followed by a decrease, with the most abundant end point
having reflectance ratios similar to the lowest abundance starting
point, but with significantly lower overall reflectance. These results
show that the degree of reddening is a function of both abun-
dance and size of nanophase iron particles. The dramatic changes
in reflectance ratios are likely larger than the changes that would
occur on planetary surfaces, where any nanophase iron particles
are mixed with various minerals that are also relatively dark in
the UV.
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Table 4
Changes in 344/290 and 502/290 nm reflectance ratios as a function of various pa-
rameters

Parameter 344/290 nm ratio 502/290 nm ratio

Increasing ilmenite grain size No significant change No significant change
Increasing olivine Fe content No systematic change No systematic change
Increasing olivine grain size Increase, then decrease Increase, then decrease
Increasing plagioclase Fe content Increases Increases
Increasing plagioclase grain size Increase, then decrease Increase, then decrease
Increasing HCP Fe2+ content No systematic change No systematic change
Increasing LCP Fe2+ content No systematic change Increases
Increasing LCP grain size Decreases Decreases
Increasing basalt grain size Decreases Decreases
Increasing maturity—mare soils Increases Decreases
Increasing maturity—highland soils No systematic change Increases
Rock vitrification Decreases Increases
Proton irradiation Increases Increases
Magnetic fraction vs bulk soil Possibly redder Redder
Increasing TiO2/ilmenite content Decreases Decreases

8.1. Lunar UV spectral properties

The ultraviolet spectral reflectance properties of the Moon have
been investigated by a number of groups using various instru-
ments and platforms. Lebedinsky et al. (1967a, 1967b, 1968) pre-
sented spectra acquired over various parts of the lunar surface
by the Zond 3 space probe. The instrument provided data from
190 to 350 nm with a spectral resolution of between 1.3 and
1.5 nm. Data were presented over the ranges 190–275 nm (15
spectra; Lebedinsky et al., 1967a), and 285–355 nm (unknown
number of spectra; Lebedinsky et al., 1967b). The averaged data
show a decrease in average albedo from ∼4% at 355 nm to 3% at
340 nm, a generally flat spectrum from 340 to 310 nm, followed
by a more abrupt decrease in reflectance from 310 to 285 nm
(∼1% reflectance). Lebedinsky et al. (1967a) suggested that albedo
variations present in the visible spectral region for different re-
gions on the Moon persist into, and are accentuated in, the UV.
Their 190 to 270 nm data suggests a reflectance maximum near
240 nm (∼2% reflectance) and generally decreasing reflectance to-
ward both shorter and longer wavelengths (∼1% reflectance at 200
and 175 nm). There is also fine structure superimposed on the
spectrum which was not discussed. Further discussion of the data
(Lebedinsky et al., 1968) suggests that there exists a sharp increase
in brightness over the range 242 to 247 nm that, for the lunar far-
side, they attribute to some form of luminescence.

Carver et al. (1974) presented whole disk spectra of the Moon
obtained in a series of rocket flights, covering the range from 240
to 290 nm, and compared their results to previous investigations.
They found that the lunar albedo drops sharply from the visible
region toward shorter wavelengths, dropping by a factor of ∼10 to
∼0.7% at 240 nm. Their results, obtained at selected wavelengths,
suggest a reflectance minimum of ∼0.5% near 260 nm, and a slight
rise toward 240 nm (to ∼0.8%).

Lucke et al. (1973, 1976) present combined ultraviolet lunar
albedo measurements obtained by previous investigators (for com-
parison with lunar samples and Apollo 17 results). Their com-
pendiums suggest that overall lunar albedo decreases from ∼7%
at 400 nm to a minimum near 200–220 nm of ∼4%. They also
critically intercompare the results of previous investigators, find-
ing that large discrepancies in absolute values exist between many
of the previous investigations. In spite of these discrepancies, they
stated that a decline in lunar albedo toward shorter wavelengths
over the 200 to 400 nm range is well established.

Stair and Johnson (1953) acquired whole disk lunar spectra over
the range 320–550 nm. They found that the lunar spectra exhibited
an absorption feature from 380–390 nm and a steep dropoff in
reflectance from 360 to 320 nm. Based on the results of our study,
it seems likely that the 380–390 nm band is attributable to the
Fe2+–O charge transfer in plagioclase feldspar.

Overall, previous lunar UV observations of large areas suggest
that reflectance declines toward shorter wavelengths. The absorp-
tion feature near 340 nm is best attributed to ilmenite. The addi-
tional absorption features near 200–220 and 285 nm can plausibly
be attributed to a number of silicate minerals, including plagioclase
feldspar, and are not particularly diagnostic of any one mineral.

More recently, higher spatial resolution studies of the Moon
have been undertaken using Earth- and space-based telescopes,
and spacecraft. These observations have been performed at dis-
crete band passes. A number of investigators have developed var-
ious techniques to derive lunar TiO2 abundances from these and
older multispectral observations, as well as to separate the effects
of increasing maturity, FeO content, and highlands versus mare.
It should be emphasized that lunar rocks and soils are highly re-
duced and are essentially devoid of Fe3+ (Heiken et al., 1991).
Hence, the use of terrestrial samples, which almost invariably con-
tain some Fe3+, for analysis of lunar spectra should be undertaken
cautiously.

To better illustrate the ensuing discussion and derived rela-
tionships, the 200–860 nm spectra of our ilmenites are shown in
Figs. 3g and 3i. Charette et al. (1974) examined both lunar samples
and telescopic spectra to derive a relationship between spectral pa-
rameters, maturity and TiO2 content. They found that the spectral
slope from 402 to 564 nm increases with increasing maturity and
TiO2 content. When combined with the 564/948 nm reflectance
ratio, discrimination between major surface units was possible.
Subsequent to its development, these relationships were used ex-
tensively to map TiO2 concentrations across the lunar surface (e.g.,
Melendrez et al., 1994).

Blewett et al. (1997) applied Clementine multispectral data to
lunar TiO2 mapping. They found that for various Apollo mare sites,
the 415/750 nm reflectance ratio increases with increasing TiO2
concentration while absolute reflectance at 750 nm decreased. For
highland sites, the 415/750 nm ratio also decreased with increas-
ing TiO2, while reflectance at 750 nm increased. This model was
further refined in Lucey et al. (1998, 2000) in order to better ac-
count for FeO content variations and maturity. With the availabil-
ity of Lunar Prospector data, discrepancies were found with the
Clementine-derived Ti values, by up to a factor of two in some
areas (Elphic et al., 2002). The earlier algorithm of Lucey and co-
workers was subsequently modified (Gillis et al., 2003) to produce
a better fit between the spectroscopic and neutron spectrometer
data. Our laboratory spectral data indicates that the 415/750 nm
ratio provides partial separation between ilmenites and our other
samples. Ilmenites have 415/750 nm ratios of between 0.94 and
1.02. The majority of the plausible lunar minerals have ratios >1.02
with the exception of one low-calcium, one high-calcium pyrox-
ene, and the largest grain sizes of the olivines (250–500 and
500–1000 μm). Some of the pure plagioclase spectra also have
415/750 nm ratios close to 1.02.

Robinson et al. (2006, 2007) and Garvin et al. (2006) acquired
Hubble Space Telescope (HST) images of the Moon through four
filters, centered at ∼290, 344, 502, and 658 nm, in order to deter-
mine whether UV observations can be used to constrain lunar sur-
face TiO2 abundances. Their analysis suggests that the 502/290 nm
reflectance ratio is negatively correlated with TiO2 abundance, and
that reflectance variations exist in the UV that can be used to de-
lineate different geologic units. Robinson et al. (2007) examined
additional reflectance ratios for discriminating maturity from com-
positional variations. They found that the 502/290 nm reflectance
ratio is useful in this regard, as this ratio is more sensitive to
TiO2 abundance than maturity. Our current data support this no-
tion (Fig. 12c). Ilmenite is spectrally flat to blue-sloped across the
250–500 nm interval, while the constituent minerals and submi-
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croscopic iron (SMFe) are red-sloped across the same interval. As
a result, ilmenite has lower 344/290 and 502/290 nm ratios than
any lunar samples, and Robinson et al. (2007) found that increas-
ing TiO2 content causes the 502/290 nm ratio to approach the pure
ilmenite values.

We examined all possible reflectance ratios of the HST filters
and found that discrimination of ilmenite from other lunar min-
erals must utilize one of the short wavelength bands: either the
290 or 344 nm band. However, again as a cautionary note, most
of our terrestrial analogues contain detectable levels of Fe3+, and
hence may not be suitable lunar analogues. However, decreas-
ing Fe3+ content generally leads to increases in longer-to-shorter
wavelength reflectance ratios, hence discrimination of ilmenite
from other lunar minerals would be enhanced over the terres-
trial case. The minerals that are closest to ilmenite for the various
reflectance ratios vary somewhat for different reflectance ratio.
Plagioclase feldspar is generally the most similar to ilmenite in
terms of reflectance ratios; this is due to its low Fe content which
translates into a flatter reflectance spectrum than the other Fe-
bearing minerals. The spectral uniqueness of ilmenite (blue sloped
between ∼200 and 500 nm) versus other common lunar miner-
als (red sloped between ∼200 and 500 nm) was also noted by
Robinson et al. (2007). It is also worth noting that ilmenite is not
the only lunar oxide. Other known lunar oxides include spinels
occupying the compositional space between chromite (FeCr2O4),
ulvöspinel (Fe2TiO4), and hercynite (FeAl2O4), as well as armalcol-
ite (FeTi2O5–MgTi2O5) (Papike et al., 1976; Stanin and Taylor, 1979;
Mulcahy et al., 2004), and they can make up as much as 10% of the
volume of some basalt samples (Papike et al., 1991). These ma-
terials exhibit diverse spectral shapes, particularly in the UV–vis
region (Riner et al., 2005); consequently the selection of discrete
band passes for their detection or discrimination should be under-
taken with the goal of maximizing these differences, and may vary
for different oxides.

The 502/290 and 344/290 nm reflectance ratios for the plausi-
ble lunar minerals included in this study are shown in Fig. 12a.
Available lunar sample and surface spectra occupy only a small
portion of the full range covered by the minerals used in this
study. How changes in various target properties affect these ratios
are shown in Fig. 12a and listed in Table 4. As noted by Robinson
et al. (2007), the Clementine 750/415 nm ratio does not provide
adequate discrimination between the spectrum-altering effects of
ilmenite from other factors. This observation verifies that the spec-
tral properties of ilmenite in the UV differ from other lunar ma-
terials, and that the UV region is the most useful for mapping
TiO2-rich materials (Robinson et al., 2007).

A similar analysis was performed for the Lunar Reconnaissance
Orbiter camera (LROC) band passes. LROC will image the lunar
surface through seven filters centered at 315, 360, 415, 560, 600,
640, and 680 nm (Chin et al., 2007). Examination of all possible
two-filter reflectance ratios indicates that all of the combinations
involving at least one of the 315, 360, and 415 nm filters can fully
discriminate pure ilmenite from all of the other minerals in this
study (we used only single channel reflectance ratios for this ex-
amination, and did not attempt to convolve the laboratory data
to the transmission curves of the LROC filters). This result mirrors
that found for the HST filters discussed above.

A common assumption in lunar spectroscopy is that increas-
ing maturity results in lower albedo and an overall reddening of
spectral slopes (e.g., Hapke, 2001). Lunar soils are darker than
powdered rock spectra of similar compositions, and non-magnetic
fractions are brighter than the magnetic fractions of bulk soils
and the bulk soils themselves (e.g., Adams and McCord, 1973;
Wagner et al., 1987; Hapke, 2001) (Table 5). Magnetic fractions
are more red-sloped than bulk soils over the 500–2500 nm range
(Adams and McCord, 1973) (Table 5). Overall spectral slopes (using
Table 5
Reflectance ratios for selected lunar samples

Sample ID and type Reflectance ratios (nm) Source of data

500/350 2500/500

67461 soil, bulk sample 1.30 1.80 [1]
67461 soil, non-magnetic fraction 1.40 1.69 [1]
67461 soil, magnetic fraction 1.38 2.21 [1]
68841 soil, bulk sample 2.57 4.21 [1]
68841 soil, non-magnetic fraction 1.98 2.80 [1]
68841 soil, magnetic fraction 2.23 4.47 [1]

67455 white breccia, <250 μm 1.37 1.44 [1]
60016 dark breccia, <250 μm 1.25 1.34 [1]
68815 dark breccia, <250 μm 1.25 1.49 [1]
60601 mature soil 1.64 3.22 [1]

500/300 2500/500

12030,14: immature mare soil, <10 μm 2.16 2.47 [2]
71061,14: immature mare soil, <10 μm 1.95 3.49 [2]
12001,56: submature mare soil, <10 μm 1.86 3.85 [2]
15071,52: submature mare soil, <10 μm 2.17 3.97 [2]
70181,47: submature mare soil, <10 μm 1.91 3.81 [2]
71501,35: submature mare soil, <10 μm 1.95 3.66 [2]
10084,78: mature mare soil, <10 μm 1.64 3.50 [2]
15041,94: mature mare soil, <10 μm 2.07 4.14 [2]
79221,81: mature mare soil, <10 μm 1.75 3.82 [2]
14141,07: immature highland soil, <10 μm 2.05 1.92 [2]
61221,92: immature highland soil, <10 μm 1.74 1.44 [2]
67461,25: immature highland soil, <10 μm 1.82 1.74 [2]
67701,39: submature highland soil, <10 μm 1.90 1.65 [2]
14163,57: mature highland soil, <10 μm 1.93 2.84 [2]
14259,85: mature highland soil, <10 μm 2.17 3.66 [2]
14260,07: mature highland soil, <10 μm 1.98 3.96 [2]
62231,91: mature highland soil, <10 μm 1.78 2.82 [2]
64801,71: mature highland soil, <10 μm 2.08 2.27 [2]
68501,85: mature highland soil, <10 μm 1.98 2.99 [2]

Source of data: [1] Adams and McCord (1973). [2] Noble et al. (2001).

the 2500/500 nm reflectance ratio) are also generally redder with
increasing maturity for both mare and highland soils (Noble et al.,
2001). However the situation is different in the UV–vis region, and
this has been noted by a number of investigators for the Moon
and other planetary bodies (e.g., Hendrix and Vilas, 2006, and ref-
erences therein). Spectral slopes in this region, measured by the
500/300 or 500/350 nm nm reflectance ratio, generally decrease
with increasing maturity for mare samples but increase with in-
creasing maturity for highland samples (Table 5). Thus, when dis-
cussing changes in spectral slope, the relevant wavelength interval
over which a relationship applies must be specified.

Another parameter that has been used to describe lunar sam-
ple spectra, particularly in the UV, is “turnover” (Lucke et al., 1974;
Wagner et al., 1987; Hendrix and Vilas, 2006). This refers to a
reversal in absolute reflectance, whereby spectra that are lighter
in the visible and near-infrared are darker in the far-UV. For the
Moon, this turnover generally occurs shortward of 200 nm and
hence is applicable only to analysis of data that extends to below
200 nm (Hapke et al., 1978; Wagner et al., 1987). Vesta exhibits a
hemispheric spectral reversal; in this case the reversal occurs near
250 nm (Hendrix et al., 2003).

The effects of various lunar sample properties and alteration
processes on reflectance ratios are shown in Fig. 12d and listed
in Tables 4 and 5. Increasing maturity in mare soils leads to an
increase in 344/290 nm ratio and a decrease in the 502/290 nm ra-
tio, while in highland soils, the 502/290 nm ratio increases (Noble
et al., 2007). The trends are not absolute for every sample because
lunar soil samples are not well-constrained assemblages. In ad-
dition, the spectral properties of SMFe, which likely account for
most of the spectral variation between different maturity classes
(Hapke, 2001), are a complex function of particle size and abun-
dance (Noble et al., 2007). Both the 344/300 and 502/300 nm
reflectance ratios increase for a given wt% of SMFe, as the size of
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Table 6
344/300 and 502/300 nm reflectance ratios of “submicron” Fe0 (From Noble et al.,
2007)

Grain size (nm) Abundance wt% Reflectance ratio

344/300 nm 502/290 nm

2 0.54 1.62 6.21
6 0.30 1.26 1.75

25 0.58 1.07 1.07
50 0.50 0.99 0.99

the particles is reduced (Table 6). At sizes and abundances appro-
priate to lunar soils (generally < a few nanometers and ∼0.5 wt%;
Morris, 1980; Noble et al., 2007), Fe particles would strongly red-
den the 502/290 nm ratio, more so than the 344/290 nm ratio
(Table 6).

Other lunar surface modification processes have variable effects
on UV and visible spectra. Vitrification seems to lead to an increase
in 502/290 nm ratio and a decrease in 344/290 nm ratio (Hapke,
2001). By contrast, proton irradiation leads to increases in both
ratios (Conel and Nash, 1970; Hapke, 2001). The magnetic fraction
of soils is redder as measured by the 502/290 nm ratio compared
to bulk soils (Hapke, 2001). Increasing TiO2/ilmenite concentration
results in decreases in both reflectance ratios, attributable to the
blue-sloped spectrum of ilmenite across this wavelength region.

The main alteration mechanisms accompanying maturity are
the production of glass, a greater fraction of finer-grained miner-
als, and SMFe (Hapke, 2001). Each of these processes will lead to
spectral changes. The production of glass causes a broadening of
absorption bands; in the UV, minerals generally exhibit a steep re-
flectance rise in the 300–400 nm region due to metal–O charge
transfers. With vitrification, the mineral structure is disrupted, and
while metal–O charge transfers still occur, they are spread out
across a greater range of wavelengths and the steep reflectance
rise becomes more gradual (Hapke, 2001). Reflectance ratios may
increase or decrease depending on the wavelength values used
and how the reflectance rise is modified. In the case of the single
reliable lunar vitrification experiment (Hapke, 2001), vitrification
reduced the 344/290 nm ratio and increased the 502/290 nm ra-
tio.

Ion irradiation of powders leads to darkening of Fe-bearing tar-
gets due to deposition of Fe. Both the 502/290 and 344/290 nm
reflectance ratios increase after irradiation (Conel and Nash, 1970;
Hapke, 2001). The mechanism by which ion-induced sputtering
causes these spectral changes is likely due to the formation of
SMFe (Hapke, 2001). SMFe is more red-sloped than fine-grained
constituent lunar minerals (compare reflectance ratios in Figs. 12a
and 12b) over the 300–500 nm interval at abundances appropriate
to mature lunar samples (∼0.5 wt% SMFe). The spectral reddening
due to SMFe formation is supported by the fact that the magnetic
fractions of lunar soils have higher reflectance ratios than the bulk
soils (Table 5). The reflectance spectra of mare soils suggest that
the 502/290 nm ratio decreases with increasing maturity (Noble
et al., 2001), opposite the trend found for irradiation. However
spectral differences between different soil samples could also be
attributed to other factors such as differences in mineralogy or il-
menite abundances. Highland soils exhibit the expected increase
in 502/290 nm ratio with increasing maturity. Collectively, these
results suggest that measuring differences in ilmenite abundance
using optical spectroscopy requires the use of UV wavelengths.

8.2. Asteroid UV spectral properties

UV spectroscopic studies of S-class asteroids show some simi-
larities to lunar mare soils, in that increasing space exposure leads
to an overall reduction in spectral slope in the 300–400 nm region
(Hendrix and Vilas, 2006). Comparison of the reflectance spectra of
SMFe (Noble et al., 2003) and meteoritic metal (this study) shows
that the 400:300 nm reflectance ratio of these materials is ∼1.2 for
meteoritic metals (for various grain sizes), and can be lower than
this value for SMFe. The reflectance ratio for common constituent
minerals (mafic silicates) is �1.5, indicating that the accumula-
tion of SMFe (or enhanced concentrations of meteoritic metal) on
asteroid surfaces would lead to a reduction in this reflectance ra-
tio. The longer wavelength reddening that is seen with increasing
space exposure, as measured by the 1640:550 nm reflectance ratio
(Hendrix and Vilas, 2006) is also consistent with enhanced metal
abundances. Meteoritic metal has a 1640:550 nm ratio of ∼1.45,
whereas common meteoritic mafic silicates (olivine, LCP, HCP) have
reflectance ratios <1.45 regardless of their iron content or grain
size.

8.3. Mercury UV spectral properties

The MESSENGER spacecraft, which first encountered Mercury
in early 2008 (flyby) and will settle into orbit around the planet
in 2011, carries a UV–vis spectrometer (MASCS) that will cover
the 115–600 nm region with 0.5–1.0 nm spectral resolution (Gold
et al., 2001). By analogy with the Moon, it is likely that the UV
spectral region will be particularly useful for identifying areas con-
taining various abundances of metal oxides. Current data suggest
variable surface composition and opaque abundances, and a gen-
erally Fe-poor surface (Robinson and Lucey, 1997; Robinson and
Taylor, 2001; Blewett et al., 1997, 2007; Warell, 2003; Warell and
Blewett, 2004). More specific spectral interpretations include ev-
idence for the presence of Fe-bearing high-Ca pyroxene (Warell
et al., 2006), sulfur, iron-bearing sulfides (Sprague et al., 1995),
nepheline-bearing alkali syenite, and plagioclase feldspar–pyroxene
mixtures (Sprague and Roush, 1998; Warell, 2003), intermediate
SiO2 content materials and clinopyroxene (Sprague et al., 2002),
and intermediate, mafic, and ultramafic rock types (Cooper et al.,
2001) across some parts of the surface. Opaque abundances are
likely lower than on the lunar surface, but may be comparable
to the most anorthositic lunar highlands (Blewett et al., 2002;
Warell and Blewett, 2004). By analogy with the Moon, the UV data
should provide a means for discriminating opaque abundance vari-
ations. Data from the spring 2008 flyby provided usable data only
across the 170–320 nm range (Vilas et al., 2008).

8.4. Mars UV spectral properties

The UV spectral reflectance properties of Mars have been mea-
sured using HST (Bell et al., 1997; Bell and Ansty, 2007). The main
purpose of Bell et al. (1997) was to determine whether UV data
could be used to provide some insights into surface mineralogy.
We analyzed our laboratory data using the band passes of Bell et
al. (1997) to determine whether hematite and other oxides and
hydroxides can be discriminated from other martian minerals. We
have found that pure hematite, regardless of grain size, can be
discriminated from the other minerals included in this study (ex-
cept ilmenite) on the basis of UV reflectance ratios, specifically the
333/256, 409/256, and 501/256 nm ratios. Fig. 13 shows the UV
reflectance ratios that provide the best discrimination of hematite
from the other minerals in this study. Hematite, up to grain sizes
of 500–1000 μm, can be reliably discriminated from other min-
erals in this study. These results suggest that UV spectroscopy
could potentially be applied to detection of hematite-rich areas
on Mars, complementing the results obtained from the thermal IR
(e.g., Christensen et al., 2001). The areas occupied by Mars bright
and dark regions (Bell et al., 1997) are also shown in Fig. 13. The
areas occupied by the reflectance ratios for the dark regions are
slightly closer to the pure hematite “end point” than the bright
regions. This suggests that at least some of the dark regions are
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(a)

(b)

Fig. 13. Reflectance ratios for the samples used in this study, except ilmenite.
(a) 409/256 vs 333/256 nm; (b) 333/256 vs 501/256 nm. The areas occupied by the
hematites (all grain sizes), and telescopic spectra of Mars bright and dark regions
(Bell et al., 1997) are indicated.

more hematite rich than bright regions (Bell et al., 1997). There
are a number of past and current instruments on Mars orbiters
that could potentially be used for UV observations of the martian
surface, including SPICAM on Mars Express, MARCI on MRO, and
the Mariner ultraviolet spectroscopy experiment (Hord et al., 1970;
Barth and Hord, 1971; Bertaux et al., 2006; Malin, 2006).

9. Summary and conclusions

The UV spectral reflectance properties of various geological ma-
terials are dominated by the particular transition series elements
that are present. For the inner Solar System and common rock-
forming minerals, the most important of these are Fe3+, Fe2+, and
Ti4+. The presence of these elements leads to the appearance of
metal–O charge transfer bands. These bands are generally broad
and intense, with Fe3+–O bands being particularly intense. The in-
tensity of metal–O charge transfer bands is a function of numerous
factors, such as abundance of the absorbing species and grain size.
The position of metal–O charge transfer bands is a function of the
type of absorbing species, the coordination environment, and the
intensity of the band and adjacent absorption bands (due to over-
lapping absorptions and band saturation effects).

In spite of the various complicating factors that largely preclude
the use of UV absorption bands for mineral identification, UV ab-
sorption bands can be used to identify the presence of specific
transition series metals, even at low concentrations. The domi-
nance of Fe in the UV spectra of plagioclase feldspars, in spite
of low Fe abundances (<1%) is a case in point. In selected case,
it may be possible to identify the presence of specific mineral
species, provided these species are present in spectrally detectable
amounts and any spectral interferences from other species can be
accounted for. A few minerals, most importantly ilmenite, may be
spectrally detectable through their unique spectral slopes in the
UV, rather than solely on the basis of absorption band wavelength
positions.

This study has also shown that the UV spectral properties of
most minerals are dominated by effects other than those associ-
ated with longer wavelength spectral behavior. For common rock-
forming minerals, diagnostic spectral properties in the visible–near
infrared (400–2500 nm) region are largely affected by crystal-
field transitions, metal–metal charge transfers, and overtones and
combinations of various longer wavelength vibrational/rotational
bands. The UV, by contrast is dominated by metal–O charge trans-
fers. Absorption bands in this region can serve as a very sensi-
tive indicator of the presence of even trace amounts (<0.01%) of
some transition series elements, such as Fe3+. However, this high
sensitivity is accompanied by factors that can complicate mineral
identification, including overlaps between band positions for most
common rock-forming minerals, and rapid saturation of absorption
bands, leading to shifts in band positions that are not diagnostic of
a particular mineral.

For planetary surface mapping based on discrete rather than
contiguous bandpasses, it is important that the band passes be
selected so that spectral differences between targets or materials
of interest are maximized. Such studies are capable of addressing
very specific questions concerning planetary surface composition.

Given that UV spectrometers capable of targeting planetary sur-
faces are being, and will continue to be, flown, the prospects for
utilizing such data for specific surface mapping applications are
promising. The types of questions that can be addressed rely on a
knowledge of the spectral properties of potential target materials.
It appears that UV spectroscopy can be used to derive surface com-
position information that may be unattainable in other wavelength
regions, and hence is a valuable complement to other optical spec-
trometers.
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Appendix A. Summary of previous UV laboratory observations

A.1. Greenman et al. (1967)

Greenman et al. (1967) measured reflectance spectra over the
200 to 300 nm range of a number of terrestrial rocks. Measure-
ments were made with two systems: a Cary model 14 spectropho-
tometer equipped with a reflectance attachment; and a Tropel in-
strument. For the Cary measurements, the incident monochromatic
beam was directed alternately to the sample and a standard with
normal incidence. The reflected light was gathered by an integrat-
ing sphere and the absolute reflectance calculated as the ratio of
the two signals. Slit width was adjusted automatically to maintain
a constant intensity. Spectral resolution was on the order of 0.2–
0.3 nm between 230 and 300 nm, and up to 1 nm for the 200
to 230 nm range. Magnesium carbonate (MgCO3) was used as a
reflectance standard. Its “absolute” reflectance was determined by
comparison to freshly prepared MgO. Reflectance values for MgO
were only available to as low as 240 nm and values to 200 nm
were extrapolated from the available data.

The Tropel instrument consisted of a grating monochromator
with a reflectometer mounted at the exit slit. The sample was
mounted vertically in the reflectometer and could be rotated about
a vertical axis to vary the angle of incidence or moved out of the
light path to allow the incident light to be measured directly. The
detector consisted of a sodium salicylate-coated glass light pipe
leading to a photomultiplier tube. This could be rotated in a hor-
izontal plane to vary the angle of detection or to measure the
incident beam when the sample was withdrawn. The spectral res-
olution of this instrument was ∼1 nm. The light pipe was partially
masked, resulting in different collection efficiencies for the various
configurations. For both the Cary and Tropel measurements, quartz
cover plates were used on both samples and standards to hold
the materials in place in the vertically mounted sample holders.
There are a number of issues associated with this study: abso-
lute reflectance values for the Tropel instrument are not reliable, as
masking was used on some measurements. The uncertainty in the
absolute reflectance of MgCO3, especially below 240 nm also leads
to uncertainties in absolute reflectance at shorter wavelengths.

A.2. Antipova-Karataeva et al. (1973)

Antipova-Karataeva et al. (1973) measured absorption and re-
flectance spectra of lunar samples, including large (8 mm × 8 mm)
and small, essentially monomineralic (2 mm × 2 mm), spots. Ab-
sorption spectra were measured between 340 and 2400 nm on
thin sections using a Hitachi Model EPS-3T spectrophotometer.
Measurements were made relative to air or to the section holder.
The section holder background spectrum was calculated and re-
moved. Diffuse reflectance spectra were measured between 230
and 1800 nm relative to an MgO smoke standard. All of the lunar
breccia samples showed reflectance increasing relatively smoothly
toward longer wavelengths over the 200 to 400 nm interval. Abso-
lute reflectance at 400 nm ranged between 3 and 8%.

This study did not provide enough details on the experimen-
tal procedures to fully evaluate its utility. For the transmission
measurements, the effect of the section holder on the transmis-
sion spectra (whether it was present in both the background and
sample measurements, and its composition) is unclear. The lu-
nar samples also likely are not monomineralic at the spatial scale
employed, so the spectra probably contain contributions from mul-
tiple phases. The use of MgO smoke as a standard may also intro-
duce spectral artifacts, as its UV reflectance can be affected by a
number of factors (e.g., Commission Internationale de L’Eclairage,
1979).

A.3. “Cohen group” (1974–1980)

Cohen and co-investigators presented a very comprehensive
overview of UV reflectance spectra (from 90 to 248 nm) of various
meteorites and other geological materials in a series of publica-
tions (Cohen et al., 1978; Hapke et al., 1978; Wagner et al., 1980,
1979; Wagner, 1980). The measurements were made in vacuum
using a Jarrell-Ash monochromator light source, with the incident
light being focused onto either the detector or the sample. Spec-
tral resolution was on the order of 10 nm. The detector consisted
of a light pipe with a fluorescent sodium salicylate coating on one
end and with the other end optically coupled to a photomultiplier
tube. The light pipe and sample could be rotated so that the de-
tector looked either directly at the incident beam (as the standard)
or at light scattered from the sample in a specular geometry with
a phase angle of ∼15◦ . They acknowledged that the viewing ge-
ometry only allows for absolute reflectance of specular surfaces to
be obtained. They also noted that fluorescence from some minerals
may introduce spurious spectral features.

Possible issues associated with these studies include the fact
that the use of monochromatic incident light does not replicate
actual planetary observations as well as a broadband incident light
source with a wavelength-selective detector. In addition, the fluo-
rescence of the salicylicide detector may be affected by the energy
distribution of the reflected light from the sample, which may it-
self fluoresce.

A.4. Carver et al. (1975)

Carver et al. (1975) measured reflectance spectra of a number
of terrestrial rock types. Spectra were acquired for rock slabs that
had been polished with grinding powders ranging in size from 3 to
60 μm. They reported results largely for the samples ground with
60-μm sized powders. A McPherson vacuum UV monochromator
equipped with a specially designed reflectometer was used for
measurements over the 80–400 nm range, and provided a spectral
resolution of approximately 1 nm. The reflectance “standard” mea-
surements were made by directing the incident radiation directly
onto the detector with no intervening optical elements. Sample
measurements were made with the sample placed in the optical
path of the incident monochromatic radiation and the detector ro-
tated at some angle relative to the sample surface to intercept a
portion of the reflected light. A Perkin–Elmer system was used
for reflectance measurements over the 200–800 nm range, and
operated in a specular bidirectional mode. The incident light il-
luminated a mirror (type unknown) as the standard or the rock
surface as the sample, likely located in the same position as the
mirror. The measured angular distribution function was used to
calculate absolute albedos of the samples. The rock and mineral
samples showed significant variations in spectral properties.

The use of the incident beam directed directly at the detector
as the standard versus bidirectional or specular light reflected off
the samples made determination of absolute reflectance difficult
to accomplish in this study. However, the major advantage of this
approach is that it does away with the need for a spectrally charac-
terized reflectance standard for the UV, a major issue (Hapke and
Wells, 1981). A final issue is that rock surfaces, even roughened
ones, are expected to be darker than powdered samples.

A.5. “Dollfus group” (1976–1980)

The UV spectral reflectance properties of a wide range of terres-
trial and planetary materials were measured by Hua et al. (1976)
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and Dollfus et al. (1980). Measurements of both macro (6 mm
diameter spot size; Hua et al., 1976) and micro (1.5 mm diam-
eter spot size; Dollfus et al., 1980) samples were made. For the
macro samples, measurements were made across the range 200
to 700 nm for pulverized (<25 μm grain size) samples. Spec-
tra were measured relative to freshly prepared MgO and BaSO4.
They noted that the reflectance of these materials falls rapidly be-
low ∼230 nm and that “weak values of albedo” around 250 nm
are caused by some impurity absorptions (presumably in the re-
flectance standards). A xenon light source was used for illumina-
tion and passed through a monochromator. Samples and standards
were both viewed with a phase angle of 5◦ . Spectral resolution var-
ied from 2 nm below 230 nm to 1 nm in the blue visible region.
Apparently, no attempt was made to correct for the decrease in re-
flectance of the standards below ∼230 nm, which would result in
anomalously high reflectance for the samples.

For the micro-scale measurements (Dollfus et al., 1980), broad-
band light from a Leitz Ultropak illuminator was passed through a
prism monochromator that provided a spectral resolution between
4 and 12 nm. This light was directed onto the sample by an an-
nular condenser and all light scattered within a 70◦ solid angle
was collected by the objective and directed onto a photomultiplier.
Measurements were made relative to Eastman White Reflectance
Standard (compressed BaSO4). Only selected samples were spec-
trally characterized with the microscope system.

The lunar samples (breccias, rock surfaces and saw dust) gen-
erally exhibited increasing reflectance from 200 to 400 nm. Many
of the sample spectra showed broad and shallow absorption bands
in the 300 to 400 nm range that were attributed to various charge
transfers (Hua et al., 1976). The lunar and a few of the mineral
sample spectra (e.g., anorthosite) exhibited increasing reflectance
toward longer wavelengths with reflectance minima near 240 nm.
This could potentially be attributable to the uncorrected decrease
in reflectance of the standards below this wavelength value. The
majority of the mineral spectra exhibited reflectance increasing
toward longer wavelengths, and a flattening-out of the spectrum
below ∼230 nm. The use of an identical viewing system for both
samples and standards obviates many of the potential errors in
deriving absolute albedos for the samples. However, the lack of a
correction for the expected decrease in absolute reflectance of the
MgO and BaSO4 standards below ∼230 nm may cause the appar-
ent reflectance of the samples below ∼230 nm to be anomalously
high.

A.6. Nitsan and Shankland (1976)

Nitsan and Shankland (1976) measured unpolarized reflectance
spectra of a number of silicates across the 4–14 eV range, which
includes the 200 to 400 nm range, using a McPherson model
225 1-meter normal incidence monochromator. Incident light was
measured directly by the detector as the reference and specu-
larly reflected off the sample. The detector consisted of a sodium
salicylate-coated light pipe and photomultiplier tube. Spectral res-
olution was ∼1–2 nm. They identified the major uncertainties
in their measurements as being due to non-uniform coating of
the fluorescent material on the detector and scattered light. They
ascribed spurious internal and back-surface reflections to the in-
crease in apparent reflection as wavelength increased from ∼300
to 400 nm. Given the geometry of their experimental setup, ab-
solute reflectance is not readily derivable. In addition the use of
polished solid samples led to apparently anomalous reflectance in-
creases above ∼300 nm and the relationship of solid to powdered
sample reflectance is not straightforward.
A.7. Strens and Wood (1979)

Strens and Wood (1979) measured 200–2500 nm diffuse re-
flectance spectra of a number of Fe, Ti, and Fe–Ti oxides and hy-
droxides using a Unicam SP700C spectrophotometer fitted with an
SP735 diffuse reflectance accessory. Spectra were measured relative
to freshly prepared MgO smoke, produced from burning Mg rib-
bon. They found that many of their samples exhibited absorption
bands in the 200–400 nm interval, most of which were assigned
to various metal–O charge transfers.

A.8. Hofmeister and Rossman (1984)

Hofmeister and Rossman (1984) measured absorbance spectra
(320–2800 nm) on oriented polished slabs of plagioclase feldspars
using a Cary 17I spectrometer. Few other details of the instrument
set-up were provided. The plagioclase spectra show absorbance de-
creasing from 320 to 400 nm, with a number of superimposed
absorption bands in the 380–450 nm interval. The relevance of this
work to the present study is uncertain due to the general lack of
experimental details and the use of slabs instead of powders; other
investigators have shown that overall spectral slopes can differ be-
tween spectra of powders and slabs (e.g., Hapke et al., 1978).

A.9. Shkuratov et al. (1985)

Shkuratov et al. (1985) measured reflectance spectra of <200
μm size powders of two eucrites (Chernovy Kut and Stannern) over
the range 260–1050 nm using a Hitachi EPS-3T spectrometer. No
other details of the spectral measurements were provided. The two
spectra show reflectance decreasing below 400 nm, with Chernovy
Kut exhibiting minimum reflectance near 300 nm and Stannern
showed reflectance continuing to decrease to at least 260 nm. The
lack of experimental details makes critical evaluation of the valid-
ity of their results impossible.

A.10. Wagner et al. (1987)

Wagner et al. (1987) measured 92–1800 nm reflectance spectra
of a number of planetary materials (<74 μm grain size). Spectra
from 200 to 1800 nm were measured with a Cary 14 spectropho-
tometer with a bidirectional reflectance attachment operating at
i = 30◦ and e = 30◦ . Sample reflectance was measured relative to
a calibrated BaSO4 standard. Both standard and sample were mea-
sured with the same viewing geometry and apparatus (Hapke and
Wells, 1981). The standard consisted of multiple layers of Eastman
Kodak White Reflectance Paint with a total thickness of 3 mm de-
posited on a glass slide. The absolute reflectance of the standard
was found to agree well with previously determined values be-
tween 250 and 1700 nm (Grum and Luckey, 1968). The absolute
reflectance in the 200 to 250 nm region was adjusted from the
published values by measuring the spectral absorption coefficient
of fused silica. The difference in reflectance of the BaSO4 in the 200
to 225 nm region between Grum and Luckey (1968) and Hapke
and Wells (1981) is on the order of 15% absolute at 220 nm, and
is likely much larger at 200 nm.

Appendix B. Experimental details of previous laboratory UV
investigations

B.1. Detectors

A number of the previous studies made use of a fluorescent
sodium salicylate coating on one end of a light pipe coupled to a
photomultiplier tube. Sodium salicylate is a very efficient converter
of UV photons with energies between 60 and 360 nm (Allison et
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al., 1964). Incident photons are converted to visible photons with
energies centered around 443 nm, and the fluorescent quantum
yield is widely assumed to be independent of wavelength over
the 60–360 nm range, although this may not be totally accurate
(Allison et al., 1964). Sodium salicylate is very stable and the only
potential issue which could affect the measurements would be
non-uniform coating thickness, however this is likely not a signifi-
cant consideration for the vast majority of the studies discussed in
this paper.

B.2. Monochromatic light source and broadband detector

Extraterrestrial targets such as the Moon are irradiated by
broad-band (polychromatic) radiation, which may result in fluo-
rescence of target minerals (e.g., Flynn et al., 1998). Spectral mea-
surements acquired in the laboratory utilizing monochromatic il-
lumination and broad-band detectors would thus not necessarily
provide spectral data directly comparable to observational data if
target fluorescence effects are present. As an example, consider a
mineral that has similar fluorescence response as halon; i.e., that it
absorbs some portion of light below ∼250 nm and re-emits some
of this energy at longer wavelengths (∼300–350 nm). If spectral
measurements are made at 325 nm using a monochromatic light
source and broadband detector, the spectral reflectance of the sam-
ple will not include the additional fluorescence-induced light that
would otherwise be detected from a planetary surface. Thus, the
laboratory spectrum would appear darker in the wavelength inter-
val of induced fluorescence than it would on a surface irradiated
by fluorescence-inducing broad-band radiation. Consequently, if we
wish to properly simulate how solar radiation may interact with a
surface, and hence to confidently utilize laboratory spectral data
for interpretation of observational data, broad-band sample illumi-
nation should be used.

B.3. Suitability of reflectance standards

A major issue facing attempts to accurately measure absolute
spectral reflectance properties of materials in the UV is the avail-
ability of reliable or well-characterized reflectance standards. Pre-
vious measurements of the UV spectral reflectance properties of
geological materials have generally been undertaken in one of
two ways: (1) through the use of a reflectance standard, where
both samples and standards are measured with identical view-
ing geometries and instrumentation (e.g., Strens and Wood, 1979;
Hapke and Wells, 1981; Wagner et al., 1987), and (2) directing
the incident light directly at the detector for the standard mea-
surements, while the samples are viewed generally in bidirec-
tional mode (e.g., Carver et al., 1975; Nitsan and Shankland, 1976;
Cohen et al., 1978; Hapke et al., 1978; Wagner et al., 1979, 1987;
Wagner, 1980).

In the case where reflectance standards are viewed in the same
way as the samples, the major uncertainty lies in the absolute re-
flectance values of the standards that are employed. Commonly
used standards include MgO smoke, BaSO4, and halon (polyte-
trafluoroethylene powder); the relative benefits and disadvantages
of each are described below.

B.3.1. MgO smoke
MgO has perhaps the longest legacy of use as a reflectance

standard. Freshly prepared MgO, produced by combusting Mg, can
be used as a reflectance standard. The Commission Internationale
de L’Eclairage (1979) provides a comprehensive summary of the
suitability of MgO as a reflectance standard. They note that the re-
flectance of freshly smoked MgO can be affected by factors such as
the co-production of magnesium nitride due to combustion in air,
decrease in reflectance due to aging (possibly from the production
of a carbonate coating), its hygroscopic nature, and difficulties in
reproducibility of a coating. Pressed MgO is generally more stable
than smoked MgO. Grum and Luckey (1968) found that the abso-
lute reflectance of smoked MgO was 86.5% (fresh) or 67.2% (aged
2 months) at 225 nm, with reflectance increasing gradually toward
longer wavelengths, to a maximum of ∼98% (fresh) between 400
and 800 nm, and decreasing again toward longer wavelengths.

B.3.2. BaSO4

BaSO4 is another commonly used reflectance standard. It is
more stable than MgO, shows long-term (decades) stability, is in-
sensitive to high levels of irradiation, has higher reflectance in
the UV, and exhibits little sensitivity to humidity and UV irradi-
ation. Prolonged irradiance with light of wavelengths �270 nm
may cause a few percent decrease in absolute reflectance, and
may lead to optical absorption and exoelectron emission around
320 nm due to the production of electron traps, but this effect
is reversible (Commission Internationale de L’Eclairage, 1979). Flu-
orescence in BaSO4 is less (3%) than in halon (17%) at 340 nm
(Saunders and Ott, 1976). Absolute reflectance measurements of
BaSO4 indicate that its reflectance is between 90.5% (BaSO4 paint)
and 92.5% (pressed powder) at 225 nm, increasing gradually to
>99% at 375 nm (pressed powder) or 450 nm (BaSO4 paint) (Grum
and Luckey, 1968). Hapke and Wells (1981) used BaSO4 as a re-
flectance standard for some UV spectral reflectance measurements.
They determined, through a different procedure than ASTM (1966)
that the absolute reflectance of their Eastman Kodak White Refer-
ence Paint was substantially lower than the values determined by
Grum and Luckey (1968) in the UV. At 225 nm, their determined
absolute reflectance was ∼80% versus 90.5% measured by Grum
and Luckey (1968).

B.3.3. Halon powder
Pressed halon (polytetrafluoroethylene) powder has become an

increasingly popular reflectance standard (e.g., RELAB, 2006). Its
absolute reflectance exceeds 95% between 220 and 2500 nm and
it is highly Lambertian (Weidner and Hsia, 1981). Weidner and
Hsia (1981) noted that halon shows little evidence of fluorescence
when measured both with monochromatic and polychromatic ra-
diation. They noted that there appears to be a slight amount of
fluorescence with excitation at wavelengths less than 290 nm and
emission in the wavelength range of 310 to 350 nm and that this
fluorescence could become significant if ultraviolet radiation below
300 nm is involved.

Earlier work by Saunders and Ott (1976) compared the spectral
reflectance properties of halon to BaSO4. They attributed the large
discrepancies in reflectance (up to 17%) over the 280 to 350 nm
range to fluorescence by the halon induced by short wavelength
irradiation. They cautioned that spectral measurements made using
radiation sources with a UV output that is significant compared
to output at longer wavelengths could lead to anomalously high
apparent reflectance due to the fluorescence induced by the short
wavelength radiation.

B.3.4. Comparison of standards
The absolute reflectance properties of halon, BaSO4 (paint or

pressed powder), and fresh MgO are all very similar over the 250–
700 nm range (Grum and Saltzman, 1976). However, as noted,
these similarities and the suitability of a particular standard seem
to be highly dependent on the experimental conditions, such as
low UV to visible flux, and use of a broadband versus monochro-
matic light source. As discussed above, halon appears to absorb
some portion of low wavelength (<250 nm) ultraviolet radiation,
some or all of which is re-emitted at longer wavelengths (Saunders
and Ott, 1976; Commission Internationale de L’Eclairage, 1979). The
degradation and fluorescence effects have been little noted in the



UV reflectance spectra of minerals 345
past because the vast majority of studies have been conducted
at wavelengths >250 nm or with monochromatic light sources
and/or detectors. The fluorescence effects become noticeable when
short wavelength irradiation (<250 nm) is a significant fraction of
the incident radiation.

B.4. Standardless measurements

The problems associated with the commonly used reflectance
standards can be overcome in two ways: by comparing spectral
reflectance of a sample to a standard-free measure of incident
radiation; i.e., by directing the incident beam alternatively di-
rectly onto the detector or the sample (e.g., Carver et al., 1975;
Nitsan and Shankland, 1976; Cohen et al., 1978; Hapke et al., 1978;
Wagner et al., 1979, 1980; Wagner, 1980), or through independent
determinations of the absolute reflectance of the standard (e.g.,
Hapke and Wells, 1981; Wagner et al., 1987). The major short-
coming of the first approach is that if all of the light reflected by
the sample is not collected, absolute reflectance cannot be deter-
mined. However, this approach has the advantage of providing the
most robust measure of relative reflectance, as no standard, which
may have unknown or undesirable spectral reflectance properties,
is used. This procedure remains robust if the light reflected off the
sample is measured directly by the detector (as is the case for the
direct incident radiation used as the “standard”), and path lengths
and optical trains are the same for both standard and sample (i.e.,
no intervening optical elements that would introduce their own
spectral modifications).

In the second approach, absolute reflectance is potentially
derivable, and the major issue is identifying a reflectance standard
whose absolute spectral reflectance properties are well character-
ized. As discussed above, the suitability of a reflectance standard
may be a function of the spectral distribution of the incident radia-
tion. It appears that as the intensity of UV (particularly <250 nm)
to longer wavelength radiation increases, the greater the devia-
tions from absolute reflectance that may be introduced. This is
compounded by the paucity of absolute reflectance data below
∼250 nm for potential diffuse reflectance standards.
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