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Spectral mineralogy of terrestrial planets: scanning
their surfaces remotely
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Abstract

Spectral measurements of sunlight reflected from planetary surfaces, when correlated with experimen-
tal visible-near-infrared spectra of rock-forming minerals, are being used to detect transition metal
cations, to identify constituent minerals, and to determine modal mineralogies of regoliths on terrestrial
planets. Such remote-sensed reflectance spectra measured through earth-based telescopes may have
absorption bands in the one micron and two micron wavelength regions which originate from crystal
field transitions within Fe?*ions. Pyroxenes with Fe** in M2 positions dominate the spectra, and
the resulting 1 pm versus 2 pm spectral determinative curve is used to identify compositions and
structure-types of pyroxenes on surfaces of the Moon, Mercury, and asteroids, after correcting for
experimentally-determined temperature-shifts of peak positions. Olivines and Fe**-bearing plagioclase
feldspars also give diagnostic peaks in the 1pm region, while tetrahedral Fe?* in glasses absorb
in the 2 wm region as well. Opaque ilmenite, spinel and metallic iron phases mask all of these Fe**
spectral features. Laboratory studies of mixed-mineral assemblages enable coexisting Fe>* phases
to be identified in remote-sensed reflectance spectra of regoliths. Thus, noritic rocks in the lunar
highlands, troctolites in central peaks of impact craters such as Copernicus, and high-Ti and low-Ti
mare basalts have been mapped on the Moon’s surface by telescopic reflectance spectroscopy. The
Venusian atmosphere prevents remote-sensed spectral measurements of its surface mineralogy, while
atmospheric CO, and ferric-bearing materials in the regolith on Mars interfere with pyroxene character-
ization in bright- and dark-region spectra. Reflectance spectral measurements of several meteorite
types, including specimens from Antarctica, are consistent with a lunar highland origin for achondrite
ALHA 81005 and a martian origin for shergottite EETA 79001, although source regions may not
be outermost surfaces of the Moon and Mars. Correlations with asteroid reflectance spectra suggest
that Vesta is the source of basaltic achondrites, while wide ranges of olivine/pyroxene ratios are
inconsistent with an ordinary-chondrite surface composition of many asteroids. Visible-near-infrared
spectrometers are destined for instrument payloads in future spacecraft missions to neighbouring
solar system bodies.

“. .. Scientific study (of planets and asteroids in the next half century) probably will be based largely
on remote observations . . .. As orbiting telescopes are developed with facilities for observation without
loss of spectral range in the Earth’s atmosphere, many ideas of the mineralogy of the surface of solar-
system bodies should be tested.”

J. V. Smith (1979)
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Historical background properties of minerals (Hallimond, 1956). He did

much to revolutionize microscope design and to

ITis fitting that this, the 19th Hallimond Lecture, systematize reflected light microscopy and the
should have as its central theme reflectance spec-  optics of absorbing crystals (Smith, 1969). Halli-
troscopy of minerals because A. F. Hallimond, mond would have been intrigued by present-day
himself, was particularly interested in reflectance  technology that is being used to measure and
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FiG. 1. Relative energies of 3-d orbitals of a transition metal ion in different coordination environments (modified

from Burns, 1985). (@) regular octahedron (e.g. ~pyroxene M1 site; basaltic glass); () trigonally distorted octahed-

ron (e.g. ~olivine M2 site; spinel); (c) tetragonally distorted octahedron (e.g. ~olivine M1 site); (d) very distorted

six-coordination site (e.g. pyroxene M2 site); (e) tetrahedral site (e.g. spinel; basaltic glass); (f) dodecahedral

site (e.g. ~perovskite A-site}; (g) cubic site (e.g. ~garnet). Note that the 3-d orbitals are separated into widely

spaced energy levels in the pyroxene M2 site, and these splittings are responsible for the 1 pm and 2 pm spectral
features for Fe** ions.

interpret reflectance properties of minerals on
surfaces of planets remote from the petrographic
microscope.

The field of mineral spectroscopy has truly
come of age, as is being witnessed by the diversity
of techniques and applications being described at
this, the First Winter Conference of the Mineral-
ogical Society on Spectroscopic Studies of Min-
erals. It was just 21 years ago that the author gave
his inaugural lecture to the Society on the topic
of electronic spectra of orthopyroxenes and
addressed the conspicuous problem of why ortho-
pyroxenes in granulite facies metamorphic rocks
display distinctive red-green pleochroism (Burns
1966a). Folliowing in the Hallimond tradition,
these papers heralded two major breakthroughs
in spectral mineralogy (Burns, 1970). First, polar-
izing microscopes equipped with universal stage
attachments inserted inside conventional spectro-
photometers enabled polarized absorption spec-
tral measurements to be made on oriented
phenocrysts and porphyroblasts in rock thin sec-

tions, as well as gem-sized crystals (Burns, 1966b).
Second, crystal field theory was being used for
the first time to interpret optical spectra of rock-
forming silicates (Burns, 1965; White and Kees-
ter, 1966). This dual approach to mineral spec-
troscopy has continued during the past two
decades; on the one hand, interpretations of the
visible-near-infrared spectra of pyroxenes and
olivines have been further refined (Bancroft and
Burns, 1967; Runciman et al., 1973a,b; Burns,
1974, 1985; Goldman and Rossman, 1977; Steffen
et al., 1988), while on the other hand, ranges of
experimental measurements have been extended
to different compositions, pressures and tempera-
tures (Mao and Bell, 1973; Abu-FEid, 1976; Hazen
etal., 1977, 1978; Parkin and Burns, 1980; Burns,
1982), propelled by the need to better understand
surfaces of terrestrial planets and their interiors.
It was also just 20 years ago that pioneering
measurements of remote-sensed mineral spectral
data for the Moon and Mars were first reported
(Adams, 1968; McCord and Adams, 1969). Sunlit
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surfaces of these planets reflect light, the spectral
features of which, when measured through Earth-
based telescopes, may be identified by compari-
sons with reference spectra of rock-forming
minerals (Adams, 1974, 1975). Major develop-
ments in design and resolution of telescopes and
radiation detector technology have rocketed the
field of remote-sensed spectral mineralogy into
pre-eminence in present-day research of plan-
etary materials and future planned space missions
(McCord, 1988).

Many of the developments in spectral miner-
alogy applied to planetary geochemistry have been
Initiated over the years by fellow student and col-
league investigators, first at Oxford University
and later at MIT, and their contributions are ack-
nowledged throughout this presentation. Each
terrestrial planet has spawned its own unique set
of problems which have had to be solved in order
to better understand the mineral assemblages con-
tributing to remote-sensed reflectance spectra
scattered from its surface. Selected examples are
described here and set the theme developed
throughout the paper. First, origins of electronic
transitions in iron-bearing minerals, which are
induced by visible-near infrared radiation from
the Sun, are discussed. Reflectance spectra of the
Moon are then described together with laboratory
investigations on mineral mixtures. Effects of
temperature on crystal field spectra are con-
sidered next, because they refine interpretations
of lunar spectra and set constraints on mineral
constituents of the surface of Mercury. The need
to understand spectral features arising from oxi-
dative weathering products of mafic igneous rocks
underlies interpretations of remote-sensed spec-
tra of Venus and Mars, which are also complicated
by atmospheric absorption at critical wavelengths.
Finally, the information that spectral measure-
ments of meteorites brings to bear on the miner-
alogy of terrestrial planets is discussed. The
coverage, therefore, is more focused than the
space-time voyage of planetary mineralogy
addressed during the Hallimond Lecture for the
1976 centenary of the Mineralogical Society
(Smith, 1979).

The central theme developed in this presen-
tation is that essentially everything we know about
the surface mineralogy of terrestrial planets,
except for the Earth, the Moon and, perhaps,
Mars, has resulted from reflectance spectroscopy
used as a remote-sensing tool and with earth-
based telescopes. The focus is optical spectral
measurements of pyroxenes, and to a lesser extent
olivine, because these minerals are so diagnostic
of the evolution of terrestrial planets.

Origin of visible-near-infrared spectra

The first-series transition elements Fe and Ti,
and to a lesser extent Cr and Mn, are responsible
for spectral features of pyroxenes and olivines in
the wavelength range 0.33-2.50pum (i.e. 330-
2500nm or 33000-4000cm™'). These optical
spectra result from excitations of -electrons
between energy levels of unfilled 3-d orbitals
induced by the crystal field of oxygen anions sur-
rounding the transition metal cation in its coordi-
nation site in the pyroxene or olivine structures
(Burns, 1970, 1985). The schematic energy level
diagrams shown in Fig. 1 demonstrate that rela-
tive energies and separations of f,, and e, orbital
groups are strongly influenced by the symmetry
and distortion of the coordination environment
about a transition metal ion. Of prime significance
to planetary remote-sensed spectra described
later are the splittings of 3-d orbital energy levels
for Fe?* ions in highly distorted pyroxene M2
sites. Whereas the pyroxene M1 site is almost a
regular octahedron and the olivine M1 and M2
sites approximate tetragonally-distorted and tri-
gonally-distorted octahedra, respectively, these
coordination polyhedra are not as puckered as
the pyroxene M2 site. As a result Fe?* cations
not only are strongly enriched in pyroxene M2
sites, but they also produce two intense and widely
separated absorption bands in the vicinity of 1 um
and 2 um. These diagnostic pyroxene spectral fea-
tures are illustrated in Fig. 2 by the polarized
absorption spectra for single crystals of pyroxenes
from several Moon rocks and in Fig. 3 by the
diffuse reflectance spectra of powdered lunar
mineral samples. Note the inverted relationship
of spectral features between absorption (trans-
mission) spectra and reflectance spectra, as well
as the poorer resolution of the diffuse reflectance
spectra. The crystal field transitions portrayed by
these spectra are to the upper levels of split &
orbitals, which are most widely separated for Fe?
in pyroxene M2 sites (cf. Fig. 1). Octahedrally
coordinated Fe?* ions in all ferromagnesian sili-
cates give rise to crystal field bands in the 1 um
region, the positions and intensities of which serve
to identify these phases in diffuse reflectance spec-
tra of powdered rocks and surfaces of planets
(Burns et al., 1972a,b; Adams, 1974, 1975; Burns
and Vaughan, 1975; Vaughan and Burns, 1977).
Lunar calcic plagioclase feldspars, which contain
small amounts of Fe** replacing Ca®* ionsin large
coordination sites, produce a weak crystal field
band centered around 1.20 um (Fig. 3a). The
1.05 pm band in olivine spectra (Fig. 3d) origi-
nates from Fe?* ions in M2 sites, while Fe?* ions
in M1 sites produce the features at ¢. 0.85 um and
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Fic. 2. Polarized absorption spectra of single crystals of pyroxenes in different moon-rock samples (modified
from Hazen et al., 1978). Note the intense absorption bands at ~1 um and ~2 pm originating from crystal field
transitions in pyroxene Fe?*/ M2 site cations.

1.25 pm. Pyroxenes, alone, produce a crystal field
band in the 2 pm region originating from Fe?*/M2
site cations, the position of which is more diagnos-
tic of pyroxene structure-type than the one micron
band (Burns, 1970; Adams, 1974). However,
tetrahedrally coordinated Fe?* ions in oxide struc-
tures also absorb in the 1.8-1.9 um region (Bell
etal., 1975; Nolet et al., 1979), which can compli-
cate interpretations of pyroxene crystal chemistry
(White and Keester, 1966; Bancroft and Burns,
1967) and remote-sensed reflectance spectra of
basaltic glass-bearing planetary regoliths (Farr et
al., 1980; Dyar and Burns, 1981). Visible-region
spectra of pyroxenes contain features attributable
to Fe**, Ti**, Cr**, Fe?*-Fe’*, Ti**-Ti** and
FeX*-Ti** cation assemblages (Burns and Hug-
gins, 1973; Burns et al., 1973, 1976; Sung et al.,
1974; Loeffler et al., 1974, 1975; Rossman, 1980).
However, although such spectral features in the
0.4-0.7 pm wavelength range have been used to
map Ti-rich mare basalts (Pieters, 1978), mature

lunar regolith (Charette et al., 1974), and Fe**
in bright regions on Mars (Singer, 1985), visible-
region spectra are not addressed in this presen-
tation which focuses on Fe?-bearing mineral and
glass assemblages absorbing in the near infrared
region.

The spectra illustrated in Figs. 2 and 3 portray
compositional-dependencies of the pyroxene
absorption bands, which are demonstrated in
plots of the ‘one micron band’ versus the ‘two
micron band’ such as that illustrated in Fig. 4
(Adams, 1974). This pyroxene determinative
curve is particularly applicable to powdered sam-
ples and has been widely used to interpret remote-
sensed reflectance spectra of planetary surfaces.
Note, however, that the utility of Fig. 4 depends
on the occurrence of Fe?* ions in pyroxene M2
sites since crystal field bands for Fe?* ions in
pyroxene M1 sites, when resolved, occur only in
the 1pm region (Burns, 1970; Rossman, 1980),
Therefore, pure enstatite and stoichiometric
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Fic. 3. Diffuse reflectance spectra of powdered lunar minerals containing Fe?* ions: (a) plagioclase feldspar;
(b) orthopyroxene; (c) calcic clinopyroxene; and (d) olivine. (Spectra provided by C. M. Pieters).
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compositions along the diopside-hedenbergite
join cannot be plotted on the 1 m versus 2 wm
curve shown in Fig. 4. Applications of this pyrox-
ene spectral determinative curve are described
hereafter.

The Moon: problems of mineral mixtures

The close proximity of the Moon to Earth and
its lack of an atmosphere have resulted in the com-
pilation of a large number of telescopic reflec-
tance spectra from diverse areas of the lunar
surface (McCord et al., 1981), including mare
basalts (Pieters, 1978), pyroclastic mantling
deposits (Gaddis ez al., 1985) and lunar highlands
(Pieters, 1986). Representative examples of such
spectra are illustrated in Fig. 5. Absorption fea-
tures in the 1 wm and 2 pum regions are clearly
visible, suggesting that pyroxenes are the domi-
nant minerals at each site. Indeed, correlations
with the 1 pum vs. 2 um determinative curve in
Fig. 4 indicate the presence of orthopyroxene in
highland soil from Apollo 16 (Fig. 5a), pigeonite

and subcalcic augite in Apollo 17 high-Ti mare
basalt (Fig. 5b), and calcic augite in low-Ti basalt
from Mare Serenitatis (Fig. 5¢) (Gaddis er al.,
1985). However, since mono-minerallic assem-
blages are extremely unlikely on the Moon, the
pyroxene-dominated spectra shown in Fig. 5 must
have contributions from Fe?* in other phases in
the regolith, particularly in the low albedo reflec-
tance spectrum from pyroclastic mantled mare at
the Littrow region (Fig. 5d). Mineralogical and
optical spectral studies of samples returned from
the Moon indicate that pyroxenes coexisting with
olivine, plagioclase feldspar, volcanic and impact
glasses, and opaque ilmenite and spinels are the
most likely phases to modify the pyroxene 1 um
and 2 pm bands. This problem of how one mineral
interferes with the spectral features of another
has been addressed by reflectance spectral mea-
surements of various mineral mixtures (Nash and
Conel, 1974; Singer, 1981; Cloutis et al., 1986;
Mustard and Pieters, 1987).

Examples of experimental measurements of
mixed-mineral assemblages are illustrated by the
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Fi6. 4. The 1 pm vs. 2 pm pyroxene spectral determinative curve widely used to identify compositions and structure-

types of pyroxene on planetary surfaces (modified from Adams, 1974). Circles refer to room-temperature data.

Numbered squares (orthopyroxene EngFs,,) and triangles (clinopyroxene Wo,,Ens,Fs;) represent spectral data

obtained at the temperatures 80K (1), 173K (2), 273K (4) and 448K (5). (Modified from Singer and Roush,
1985).

spectral data for suites of orthopyroxene—
clinopyroxene and orthopyroxene-olivine mix-
tures in Fig. 6. The gradual shifts of the 1um
and 2pm bands are clearly seen for
orthopyroxene—clinopyroxene mixtures (Fig.
6a) and, while deleterious broadening of the 1 um
band occurs, the 2 pm band appears to be resolv-
able into component bands in pyroxene mixtures.
The orthopyroxene—olivine mixtures (Fig. 6b)
demonstrate that the diagnostic pyroxene 2 um
band is conspicuous even when pyroxene is a
minor constituent. However, the characteristic
features for olivine at 0.9pum, 1.05pm and
1.25 pm are quickly obscured by the more intense
pyroxene 1 um band. Fig. 7 showing reflectance
spectra of mixtures of orthopyroxene with pla-
gioclase feldspar and magnetite vividly demon-
strates how the presence of opaque oxide phases
drastically lowers the albedo and intensities of the
diagnostic pyroxene absorption features. Metallic

iron in chrondritic meteorites is also detrimental
to pyroxene spectra (Gaffey, 1976).

Such results for mixed-mineral assemblages
enable more elaborate interpretations to be made
of the remote reflectance spectra of the Moon
shown in Fig. 5 (Gaddis et al., 1985). Olivine and
mixed-pyroxene assemblages are responsible for
the overall profiles obtained from mare basalts
and lunar highlands (Figs. Sa—c). However, band-
broadening and low-albedo spectra of dark man-
tling pyroclastic deposits (Fig. 5d) indicate the
presence of volcanic glass which has been partially
devitrified to opaque ilmenite-bearing assem-
blages, such as that those found in Fe-Ti orange
glass spherules from Shorty Crater at the Apollo
17 site (Vaughan and Burns, 1973).

The ultimate objective of remote reflectance
spectral measurements is to obtain quantitative
estimates of the modal mineralogy of unexplored
surfaces of the Moon and, indeed, other
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Fi. 5. Remote-sensed spectra of representative areas on the Moon’s surface (from Gaddis er al., 1985). Left:
telescopic spectral reflectance measurements scaled to unity at 1.02 um and offset relative to adjacent spectra;
Right: residual absorption features for the same measurements after a straight-line continuum through 0.73 pm
and 1.6 um has been removed: (a) highland soil sampled at the Apollo 16 landing site; (») high-Ti mare basalt
at the Apollo 17 landing site; (c) low-Ti mare basalt at Mare Serenitatis; (d) pyroclastic deposits at Taurus-Littrow.

terrestrial planets. This necessitates difficult and
elaborate spectrum-curve fitting procedures,
which are currently the focus of detailed research
(Roush and Singer, 1986; Cloutis ef al., 1986;
Mustard and Pieters, 1987). Nevertheless, valu-
able petrological information has been deduced
from the reflectance spectral profiles alone. For
example, telescopic reflectance spectra for ¢. 5km
diameter areas within the 95km diameter lunar
crater Copernicus shown in Fig. 8 indicate that
wall (Fig. 8a) and floor (Fig. 8b) areas with the
weak band centered near 0.92 pm diagnostic of
orthopyroxenes are typical highland soils of nori-
tic composition and predominate in Copernicus
(Pieters et al., 1985). Other floor areas (Fig. 8c)
contain high proportions of glass-bearing impact
melt. However, central peaks of Copernicus (Fig.
8d) are quite different from the walls and floors.
They exhibit a broad multiple band centered near
1.05 pm indicating olivine as the mafic component
(Pieters, 1982). Troctolite is thus believed to be
the major rock-type forming the central peaks of
Copernicus. Reflectance spectra of rays emanat-
ing from Copernicus contain more calcic-rich pyr-

oxenes indicative of pigeonite—augite assemblages
(Pieters et al., 1985).

Mercury and the Moon: problems of high
temperatures

Since reflectance spectra measured through
telescopes are produced by sunlight impinging
upon the surface of a planet, the effects of temper-
ature on spectral reflectivities of minerals need
to be carefully assessed, particularly when large
differences exist between extraterrestrial surfaces
and ambient conditions on Earth under which
calibration measurements have been made. Such
situations exist for Mercury (~650K), Venus
(~740K), and the Moon (~400 K), day-time high
temperatures (in parenthesis) of which at their
equators are higher than those on Earth. Corres-
ponding sunlit surfaces of Mars (~280K) and
asteroids (~175K), on the other hand, are some-
what lower. Numerous laboratory investigations
of temperature-induced changes of mineral spec-
tra have been undertaken, therefore, in order to
interpret modal mineralogies of hot and cold
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planetary surfaces (Sung ef al., 1977; Osborne et  spectra of pyroxenes (Figs. 9b and c) show dra-
al., 1978; Nolet et al., 1979; Parkin and Burns, matic changes of band shape with rising tempera-
1980; Singer and Roush, 1985). ture, particularly at the longer wavelength edges.

Two important consequences of elevated tem- In common with olivines, the pyroxene 1pm
peratures on visiblenear-infrared spectra are, bands also show only minor wavelength shifts.
first, they affect positions and intensities of crystal However, in marked contrast to the 1 um bands,
field bands within a transition metal-bearing the pyroxene 2 pm bands show major differences
mineral and, second, thermal emission by the host  of temperature-induced shifts; for orthopyrox-
mineral, itself, occurs. The effects of temperature  enes, this band increases from ~1.80pm to
on reflectance spectral profiles are elegantly ~1.90pm between 80K and 448K (Fig. 9b),
demonstrated by the data for Fe?* in olivine, pyr- whereas for clinopyroxenes it decreases from
oxenes, and basaltic assemblages shown in Fig. ~2.35um to ~2.25 pm over the same tempera-
9. The three components of the olivine spectra  ture range (Fig. 9c). As a result, two pyroxenes
centred around 1 wm become better resolved at  are clearly resolvable in basaltic assemblages at
lower temperatures but show insignificant shifts low temperatures (Fig. 9d). However, such reso-
of band minima (Fig. 9a2). However, reflectance lution of individual pyroxene bands is not achiev-
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FiG. 7. Diffuse reflectance spectra of mixtures of ortho-

pyroxene with plagioclase feldspar and magnetite (from

Adams, 1974, attributed to C. M. Pieters). Note how

the opaque oxide phase swamps the diagnostic pyroxene
bands at 1 pm and 2 pm.

able at the higher temperatures applicable to sun-
lit surfaces of the Moon (c. 400K). Thus, broad-
band features in the 2 wm region observed in lunar
remote-sensed reflectance spectra (Figs. 5 and 8)
are suggestive of two-pyroxene assemblages and,
perhaps, contributions from tetrahedral Fe?* in
basaltic glass (Farr et al., 1980; Dyar and Burns,
1981).

The contrasting temperature-induced shifts of
the pyroxene 1 um and 2 um bands may lead to
erroneous estimates of the composition, and to
a lesser extent structure-type, of a pyroxene-bear-
ing mineral assemblage deduced from the remote-
sensed reflectance spectrum of a hot or cold plan-
etary surface if room-temperature determinative
curves, such as that shown in Fig. 4, are used
uncritically. For example, remote-sensed spectra
of hot-planet surfaces such as those on the Moon
would lead to overestimates of Fe’* contents of
its orthopyroxenes and underestimated Fe>* con-
tents of the clinopyroxene (Singer and Roush,
1985). Cold-surface planets such as Mars and
asteroids could produce opposite results. On the
other hand, the room-temperature data underly-
ing the pyroxene determinative curve shown in
Fig. 4 may impose constraints on the compositions
of pyroxenes deduced from telescopic spectra of
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aplanet with very high surface temperatures, such
as Mercury.

The hot surface of Mercury, as well as reflecting
sunlight, also behaves as a quasi-blackbody radia-
tor and emits thermal energy back into space, too.
As a result, the spectral reflectance of Mercury
rises sharply above ~1.5um due to its thermal
emissivity obscuring any possible contribution
from a Fe?*-pyroxene 2 um band. The close prox-
imity of Mercury to the Sun makes telescopic re-
flectance spectral measurements of its surface
very difficult, so that attempts to identify pyrox-
enes on Mercury and to estimate their compo-
sitions from the 1 um band alone have produced
ambiguous results. For example, a weak broad
band resolved at 0.89 um (McCord and Clark,
1979) and corresponding to the lowest limit for
an orthopyroxene in the room-temperature pyr-
oxene determinative curve shown in Fig. 5 might
imply the presence of enstatite in low-iron basalts
on the surface of Mercury. However, tempera-
ture-induced variations of the orthopyroxene
1pm band, such as those portrayed in Fig. 9a
showing that Fe?* contents of orthopyroxenes are
overestimated from high-temperature spectra,
suggest that the 0.89 wm feature is impossibly low
to be assigned to Fe** in orthopyroxene on Mer-
cury. Pure end-member enstatite or diopside
could occur on Mercury, but these pyroxenes
would not be identified by spectral reflectance.
The 0.89 mm band could be indicative of ferric-
bearing augites (Burns et al., 1976) in the regolith
of Mercury since Fe3* crystal field transitions
intensify considerably but do not shift much at
elevated temperatures (Parkin and Burns, 1980).

Venus and Mars: problems of atmospheres and
oxidative weathering

The surface of the Moon and Mercury are con-
ducive to telescopic spectral measurements, albeit
complicated by effects of high temperatures,
because they lack atmospheres. The presence of
atmospheric gases on Venus and Mars impose
severe problems on the measurement and inter-
pretation of earth-based remote-sensed reflec-
tance spectra obtained from these planets. The
problem is most acute for Venus because its hot
surface is masked by the dense atmosphere which
strongly absorbs and scatters visible-near-
infrared radiation. However, Soviet Venera mis-
sions to the Venusian surface have yielded spec-
trophotometric data in the form of multispectral
images at three wavelengths in the visible region
(0.44 um, 0.54 p.m, and 0.63 pm) from which sur-
face mineralogy has been deduced (Pieters et al.,
1986). After correcting for effects of orange-
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Fic. 8. Reflectance spectra obtained from Earth-based telecopes for small (<5km diameter) areas within the

Copernicus crater on the Moon (from Pieters et al., 1986). Left: reflectances scaled to unity at 1.02mm; Right:

residual absorption after continuum removal. Spectra are offset vertically. (a) Wall and (b) floor areas containing

orthopyroxene are deduced to be of noritic composition; (¢) floor containing pyroxene and glass is an area of
extensive impact melt; (d) central peak containing olivine is deduced to be troctolite.

colouration due to the atmosphere, the surface
of Venus appears to be dark without significant
colour. Correlations with high-temperature lab-
oratory reflectance spectra of oxidized basaltic
materials suggest that the basaltic surface of
Venus contains ferric-bearing minerals, possibly
formed from oxidation of pyroxenes and olivine
(Pieters et al., 1986).

The surface of Mars, on the other hand, is
visible and has been accessible to several Earth-
based telescopic reflectance spectral measure-
ments in the visible and infrared regions, as well
as in situ multispectral images of the surface taken
during the Viking orbiter and lander experiments
(Singer, 1985). However, while thermal emis-
sivity of the relatively cold surface of Mars
becomes dominant only beyond the 5um wave-
length region, the presence of atmospheric CO,
and traces of H,O mask critical regions in the
near-infrared spectra needed for positive identifi-
cation of ferromagnesian silicates in the martian
regolith. To a close approximation, Mars’ surface
is composed of bimodal high- and low-albedo
regions (Singer, 1985) which give rise to the typi-

cal bright-region and dark-region spectra illus-
trated in Fig. 10. Bright-region spectra are domin-
ated by spectral features, including the broad
band at ~0.87 um, attributed to crystal field tran-
sitions in Fe** ions; atmospheric CO, is respon-
sible for the sharper features at 1.45 um, 1.62 pm,
and 1.9-2.1 um. The Fe** spectral features lack
specificity and a variety of ferric-bearing phases
have been suggested as oxidative weathering
products on Mars’ surface, including poorly crys-
talline oxides, clay silicate and sulphate phases
(Sherman et al., 1982; Singer, 1985; Burns, 1986).
Of greater interest, so far as this presentation is
concerned, are the dark-region spectra in which
Fe* ions, although present, do not obscure con-
tributions from Fe?* ions in the 1um region.
These spectral features indicate the presence of
pyroxenes and, perhaps olivine in iron-rich basalts
believed to underlie Mars’ surface. Unfortu-
nately, interference by atmospheric CO, at 1.9—
2.1 wm makes it extremely difficult, if not imposs-
ible, to identify the pyroxene structure-type and
composition from its diagnostic 2um band.
However, the presence of pigeonite-augite
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olivine and plagioclase feldspar. Note that the temperature variations of the 1 um and 2 um bands for the two
pyroxenes are plotted on Fig. 4.

(* olivine) assemblages in meteoritic shergottites
believed to have originated from Mars are consis-
tent with the broad spectral features at 1 pm and,
perhaps underlying the CO, absorption bands at
c. 2 um.

Correlations with meteorite spectra

Before the advent of the Apollo and Luna mis-
sions which retrieved samples from the Moon’s
surface, meteorites provided the only source of
extraterrestrial materials and raised questions
about their sources from parent bodies such as
asteroids. Visible-near-infrared reflectance spec-
troscopy, therefore, has been applied extensively
to laboratory investigations of meteorites and to
remote-sensed measurements of many asteroids
(Gaffey, 1976; Gaffey and McCord, 1978; McFad-
denetal., 1982, 1984; Bell and Keil, 1988).

Spectral reflectance curves for the range of
meteorite types are illustrated in Fig. 11. These
spectra demonstrate the diagnostic features of the
various meteorite types, including the presence

or absence of absorption bands, their positions
and relative intensities, their symmetries and
widths, and other properties such as continuum
slope, curvature, and inflexion points (Gaffey,
1976). Again, noteworthy features of the meteor-
ite spectra are the prominent pyroxene 1 pm and
2 wm bands, the relative intensities and asymme-
tries of which have been used to characterize the
pyroxenes and to estimate olivine/pyroxene
ratios in meteorites. Relating these meteorite
spectra to those of asteroids has been difficult due
tothe faintness of these objectsinspace. Neverthe-
less, recent telescopic spectra measurements
have led to discoveries of several large asteroids
containing olivine-rich dunite-like rocks (Cruick-
shank and Hartmann, 1984), as well as other
asteroids with wide ranges of olivine/pyroxene
ratios, which are inconsistent with an ordinary-
chondritic composition but suggestive of affinities
with stony-iron meteorites (Bell and Keil, 1988).
The spectra of other asteroids, including 4 Vesta
and 1915 Quetzalcoatl, resemble basaltic achon-
drites (McFadden et al., 1982) suggesting that they
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telescopes and scaled to unity at 1.02 pm (from Singer
et al., 1979). The band near 0.87 um in bright-region
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dark-region spectra. The 2 um pyroxene Fe?*/M2 site
band is obscured by CO, in the atmosphere of Mars.
CO, is also responsible for the peaks at ~1.4 um and
1.62 pm.

underwent internal heating and differentation.
Thus, asteroids like Vesta and Quetzalcoatl are
very likely sources of the large and varied meteor-
ites of the eucrite, howardite, and diogenite
groups.

Meteorites collected from Antarctica in the past
decade have yielded unique specimens which
appear to have originated from the terrestrial
planets themselves. They include three meteorites
with lunar affinities and two shergottites belong-
ing to the SNC group of nine meteorites believed
to have originated from Mars. One of the lunar
meteorites (ALHA 81005) is a regolith breccia
analogous to rock-types found in the lunar high-
lands. A composite diffuse reflectance spectrum
of this meteorite shows a band centred near
0.98 um indicative of subcalcic augite, together
with features attributed to olivine and Fe?*-bear-

R. G. BURNS

ing plagioclase feldspars (Pieters et al., 1983).
However, this spectrum profile does not match
telescopic reflectance spectra obtained from ~150
small areas 3-20km in diameter on the Moon’s
surface, including young highland craters. The
spectral data suggest that this lunar meteorite is
derived from a surface unit on the Moon not pre-
viously sampled, and that the most probable
source area is the near-side limb or the far side
of the Moon. The Antarctic shergottite EETA
79001, with impact-glass pockets containing
trapped gases resembling the composition of the
martian atmosphere, contains calcite, gypsum and
sulphur-rich aluminosilicate phases which were
suggested to be relict grains of chemical weather-
ing products on Mars (Gooding and Muenow,
1986; Gooding et al., 1988). However, negligible
ferric iron was resolved in Mossbauer spectral
measurements of the impact glasses, while the
pyroxene-dominated matrix of EETA 79001 con-
tains less than 2wt.% Fe** (Solberg and Burns,
1988), conforming with evidence from diffuse re-
flectance spectra of other SNC meteorites which
failed to detect ferric iron and suggesting that
these meteorites did not originate from the outer-
most surface of Mars.

Summary and future directions

Reflectance spectroscopy has proven to be the
most powerful and versatile remote-sensing tech-
nique for determining surface mineralogy, chemi-
cal compositions and lithologies of planetary
objects, as well as constituents of their atmos-
pheres. Table 1 summarizes information that has
been deduced for the terrestrial planets based on
spectral properties of light in the visible and near
infrared regions reflected from their surfaces.

The planetary reflectance spectral data consti-
tuting Table 1 traditionally have been obtained
with Earth-based telescopes. Such remote-sensed
measurements are limited by telescope avail-
ability, favourable observational conditions, and
optimum viewing alignments of the planetary
objects. As a result, comparatively few high-qual-
ity telescopic spectra (perhaps numbering several
hundreds) are available for the solar system
planets and their satellites. However, this situa-
tion is about to change dramatically.

Future spacecraft missions to solar system
objects are primarily being oriented towards
remote-sensing experiments, in contrast to the
soft-landed in situ experiments and sample return
initiatives during the 1970s. Because reflectance
spectroscopy has become one of the most import-
ant investigative techniques in the planetary sci-
ences, current and planned space missions for the
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Fig. 11. Normalized spectral reflectance curves for the range of meteorite types (from Gaffey, 1976).

1990s will include visible and near infrared spect-
rometers in their instrument payloads. Examples
include: the Galileo Orbiter/ Probe mission to
Jupiter; the Mars Orbiter mission to Phoebus; the
Comet Rendezvous Asteroid Flyby (CRAF) mis-
sion, which will match orbits with a comet and
study an asteroid en route; the Cassini mission
to Saturn, which will send a probe to Titan’s sur-
face; the Lunar Geoscience Observer mission to
study ancient cratering and volcanism on the
Moon; and, perhaps the most ambitious project
this century, the Mars Rover/Sample Return mis-
sion. Reflectance spectral measurements from
space will provide more favourabie viewing geo-
metries, eliminate problems due to telluric water

and CO,, and improve the resolution of areas
scanned on a nearby planetary surface.

However, these future spacecraft missions will
produce a flood of spectroscopic data unprece-
dented in solar system exploration. There is now
a challenge to develop high-speed data processing
systems to analyse and interpret, on a real-time
basis, vast arrays of reflectance spectra during
their rapid transmission back to Earth.

To keep abreast of this future mass of remote-
sensed data, laboratory experiments and theoreti-
cal models need to be developed to provide back-
ground information for interpreting the on-line
spacecraft reflectance spectral data from plan-
etary surfaces. Studies of a qualitative nature
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Table 1.

R. G. BURNS

Surface Constituents of Terrestnal Planets Deduced from

Remote-Sensed Spectroscopy

Planet Equatorial Mean Distance  Temperature  Atmaspheric Surface Mineralogy and Petrologyb
Diameter from Earth {K) Pressure
(km) (108 km) (atmos.)

Earth 12756 315 1 Igneous, sedimentary and metamorphic rocks.

Mercury 4878 97 650 Lunar-iike surface but with lower Fe2+ content; traces of
aimosphenc Na implies spuitering from Na-beanng minerals

Venus 12104 41.4 740 96 Oxidized basaltic surface; CO, dominated atmosphere with some CO,
HC!, HF and SO5; H2S0y, in clouds.

Moan 3476 0.384 400 Mare basaits contain olivine, Fe2+-bearing plagioclase and basaltic
glasses, Fe2+-Ti3+-bearing pyroxenes and glasses, and abundant
opaque phases; highland anorthosites contain shocked and unshocked
plagioctases; vitrification (agglutinates) by impact events; solar
wind darkening: existence of many lithologic units unsampled by
Apollo and Luna missions; olivine-rich racks (troctolites) in central
peaks of craters

Mars 6798 783 280 0.01 Mafic silicates in dark regions, pyroxenes detected locally, olivine
suspected; Fe3* phases in bright regions and clay minerals in global
dust are oxidative weathering products; HQ (frost) condensates; ice
at north pole, “dry ice” (COg) at south pale.

Astaroids ) o .

Vesta 540 204 180 Fe2+-bearing py , alivine and plag . some
Pallas 610 264 1756 have fine-grained regolith; impact-produced glasses are rare; at
Ceres 1020 264 175 least 14 asteroid spectral classes exist; close resemblance between

some asteroid and meteonte spectra suggest parent asteroid bodies:
Vesta and basallic achondrites indicate a differentiated parent body.

day-ti high p at the equator

a
b based on McCord (1988)

described earlier in this presentation have demon-
strated that spectral reflectance profiles of plan-
etary surface materials are influenced primarily
by the chemical compositions and abundances of
constituent minerals. There is now an increasing
awareness of second-order effects, such as tem-
perature, viewing geometry, grain size and parti-
cle packing, on positions and intensities of
diagnostic mineral spectral features. Research is
needed to quantify these effects and to more
closely simulate physical properties of planetary
regoliths when they reflect sunlight. Such projects
include spectral measurements for mineral
assemblages having different temperatures, parti-
cle sizes, grain-size packings, and modal mineral
proportions, over a range of angles of incident
and reflected light and in confining atmospheres
having a variety of pressures and compositions.
Other effects such as atmospheric weathering and
radiation sputtering processes under different
intensities and exposure times also need to be
assessed. The ultimate goal of such laboratory
investigations is to develop a theoretical model
for deducing the modal mineralogy of an area on
a planetary surface from its reflectance spectrum
measured under known lighting conditions.
Exciting times lie ahead for mineral spectrosco-
pists. As the intensity of effort increases, broad-
ened by the range of problems that can be
addressed by the diversity of spectroscopic
methods now becoming available, the probability
increases that more and more mineralogists will

see the light and become focussed on heaven-sent
opportunities to investigate solar system objects
remotely by measuring their spectral characteris-
tics.
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