Note added in proof: In a recent ex-
change of letters, Gregor (I3) and
Levenspiel and de Nevers (14) specu-
late on this concept. Gregor fails to
account for membrane packing densi-
ties now obtainable (10, 11).

RicHARD S. NORMAN
Biological Sciences Group,
University of Connecticut,
Storrs 06268
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Asteroids: Surface Composition from Reflection Spectroscopy

Abstract. Minerals partly composing the surfaces of 14 asteroids are deter-
mined by using asteroid reflectance spectra and optical properties of meteorites
and other materials. Individual electronic absorption features are identified in the
asteroids’ spectra. The energies, relative strengths, and shapes of these features
are interpreted by using laboratory and theoretical studies. Analysis of the initial
14 asteroid reflectance spectra indicates the presence of the following types of
surface materials: six carbonaceous chondrite—like; two stony-iron-like (metal/
silicate ~ 1); one iron meteorite-like; one basaltic achondrite-like; and four sili-
cate-metal assemblages (metal/silicate ~0.25). These results support the conclu-
sion that the asteroid belt is a source of at least some meteoritic material, and
they show a relation between certain asteroids and certain classes of meteorites.

McCord et al. (1) reported first
spectral reflectance measurement of an
asteroid, Vesta, with sufficient spectral
resolution, range, and photometric pre-
cision to define absorption features.
Between 0.3 and 1.1 um several elec-
tronic absorption bands appeared.
These features were interpreted as indi-
cating that a magnesian pyroxene is
present as the major mafic mineral and
that the surface of Vesta has a compo-
sition similar to that of certain basaltic
achondrite meteorites.

The first analysis of the composition
of an asteroid and the direct relation
uncovered between the asteroids and
meteorites led to a comprehensive pro-
gram of asteroid study. To date, the
spectral reflectances (0.3 to 1.1 um)
of about 100 asteroids have been mea-
sured at the telescope (2). A compre-
hensive study has also been made of
the optical properties of the mineral
assemblages found in meteorites (3).

Considerable experience has been
gained in using reflection spectroscopy
for remote mineralogical analysis by
working both with lunar sample mate-
rial (4, 5) and with telescopic spectra
for the surfaces of the moon (6), Mars
(7), Mercury (8), and the satellites
(9). Also, detailed laboratory studies
of the optical properties of minerals
and mineral assemblages have become
available (5, 10). We have now begun
to analyze the telescopic spectra for
asteroids. This is a first report on the
early results; a more detailed discussion
will appear elsewhere (/1).

After the success of the Vesta study
(1), several attempts were made to
determine asteroid compositions by us-
ing optical properties of meteorites.
Chapman and Salisbury (/2) compared
the spectral reflectances for 36 asteroids
with those for 41 meteorites. Johnson
and Fanale (/3) studied nine carbo-
naceous chondrite samples and one iron
meteorite for comparison with asteroid
spectra. These early studies utilized an

empirical curve-matching technique
which is less sophisticated and less gen-
erally applicable than that used in our
interpretation. However, where definite
interpretations were made we find good
agreement between our results and
those of the previous investigators.

The study reported in part here is
the most extensive in terms of the vari-
ety of terrestrial, lunar, and meteoritic
material used for interpretation, and
great care was taken to relate optical
properties to analyzed mineral constitu-
ents in the sample material. Qur philos-
ophy has been to interpret absorption
features in the asteroid curves in terms
of the minerals producing or modify-
ing each feature. A set of features re-
veals a suite of minerals. This approach
does not rely on the exact match of
asteroid spectra with meteorite spectra.
The meteorite sample material, which
is used to study the optical properties
of solids, is used as a source of mineral
assemblages, the occurrence of which
is cosmochemically reasonable in the
asteroid belt.

The reflectance spectrum for the
asteroid Ceres is shown in Fig. 1 super-
imposed on the reflectance spectra of
156 meteorites. The meteorite spectra
are grouped according to class and
therefore according to mineralogy. Note
that the variation of the spectra within
a class is usually less than the differ-
ences between classes. Changes in min-
eralogy and metamorphic grade through
the classes are easily seen in the spectra.

The reflectance characteristics of the
meteorite curves are understandable in
terms of the type, composition, abun-
dance, and distribution of the compo-
nent mineral phases. Four spectral
classes of minerals can be defined on
the basis of their contribution to spectra
of mixtures of phases: metals, opaques,
and silicates with and without transition
metal ions such as Fe2+ (3). The effect
a mineral has on the spectrum is ap-
proximately proportional to its abun-
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dance and its optical density in the
spectral region of interest. Opaques,
cosmically most commonly represented
by carbon and the carbon compounds,
tend to dominate a spectrum even when
present in small quantities (a few per-
cent); an example is the carbonaceous
chondrites. Opaques produce low re-
flectances throughout the visible and
infrared spectrum and have a relatively
weak ultraviolet drop-off (13). Silicates
containing transition metal ions such
as pyroxene, olivine, and feldspar) ex-
hibit crystal field absorption features
near 1 um. The wavelength position
of a band depends on the composition
of the mineral (5, 10, 11). The sym-
metric, spectrally dominant 0.95-um
feature of pyroxene (as present in
eucrites, howardites, and diogenites;
see Fig. 1) becomes distorted by the
addition of olivine (as present in ordi-
nary chondrites). These silicate min-
eral assemblages are also characterized
by increasingly more efficient charge
transfer absorptions as one moves to-
ward higher energies, which results in
a distinct curvature of the blue and
ultraviolet region of the spectral reflec-
tance curves. Metals (Fe and Ni) be-
come steadily more reflective toward
lower energies (longer wavelengths)
and the spectral reflectance of these
materials exhibits a very nearly linear
change with energy. The diagnostic
characteristics of a spectral reflectance
curve are the presence, position, and
symmetry of absorption features as well
as the slope and linearity and the loca-
tion of inflections of the continuum,

The interpretation of two asteroid
reflection spectra is treated here. The
same procedure has been applied to
other spectra and the results are given
in Table 1.

1 Ceres. The uniform visible and
infrared reflectance and the strong
ultraviolet absorption indicates an
opaque phase dominating the spectrum.

Fig. 1 (top). Spectral reflectance data for
the asteroid 1 Ceres (2) superimposed on
the spectra for 156 meteorites (3). The
meteorite spectra are grouped according
to class. Reflectance is plotted as the ordi-
nate; each division is 0.1. All curves are
scaled to unity at 0.56 um. Abbreviations:
Di., diopside; Ol., olivine; Achon., achon-
drite; Chon., chondrites; En., enstatite;
Pig., pigeonite. Fig. 2 (bottom). Spec-
tral reflectance data for the 14 asteroids
discussed in this report. Reflectance is
plotted against wavelength in micrometers.
Each division in reflectance is 0.1. All
points are scaled to unity at 0.56 um.
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For meteoritic material, this effect is
characteristic only of the carbonaceous
chondrites of higher metamorphic
grade (the last three in Fig. 1). The
surface of Ceres is composed of a
mineral assemblage rich in opaque
material (probably carbon) and prob-
ably is a type of carbonaceous chondrite
material.

3 Juno. This spectrum (see Fig. 2)
is characterized by a nearly linear de-
crease in reflectance with energy, a

relatively strong, broad, asymmetric
absorption near 1.0 um, and a weak
absorption near 0.6 um. The linear
reddening with decreasing energy indi-
cates the presence of a large metal
component, and the absorption features
between 0.90 and 1.1 pm indicate the
presence of pyroxene and olivine. Mod-
ification of the spectrum of an iron
meteorite by the addition of Fe2+ sili-
cate absorptions produces the best
agreement with Juno’s optical prop-

erties. This is an example where the
direct matching technique is inappro-
priate and would produce spurious
results.

In general, it appears that assem-
blages of meteoritic minerals are com-
mon in the asteroid belt (11). However,
the distribution of petrologies found in
the belt differs from that of meteorite
falls. So far, carbonaceous and metal-
rich silicate assemblages appear to be
the most common asteroidal materials

Table 1. Some orbital parameters, diagnostic spectral features, implied minerals, and meteorite classes with similar mineral assemblages or
spectral reflectance characteristics are listed for 14 asteroids. Approximate volumetric mineral proportions are given. Meteorite classes are
given as indications of similar mineral assemblages and, especially with respect to the stony-iron designation, are not meant to imply
a relationship to a specific meteorite. Abbreviations: a, semimajor axis; e, eccentricity; i, inclination; IR, infrared; UV, ultraviolet; TM,

transition metal.

Diagnostic spectral features

Minerals most
evident in
spectrum

Meteorite class with similar
mineral assemblage or spectral
reflectivity characteristics

Relatively constant visible and IR re-
flectance; weak UV drop-off; possi-
um; possible very weak features at
0.65 and 1.0 ym

Relatively constant visible and IR re-
flectance; weak UV drop-off; possi-
ble weak features at 0.7 and 0.95 ym

Relatively linearly reddened visible and
IR reflectance; weak feature at 0.6
wm; relatively strong, asymmetric
feature at 1 um

Nonlinearly reddened blue and visible
reflectance; strong, symmetric fea-
ture at 0.95 um; weak feature at

Relatively linearly reddened UV and
visible reflectance; relatively strong,
symmetric feature at 0.95 um; weak
feature at 0.65 um

Slightly curved UV and visible reflec-
tance curve; decreasing reflectance
> 0.8 um (band edge)

Very slightly curved UV and visible
reflectance curve; strong, symmetric
feature at 0.95 um

Relatively constant reflectance > 0.6
um; relatively strong UV drop-off
> 0.55 um; relatively strong features
0.65 and 1.0 ym

Relatively constant reflectance > 0.5
um; strong UV drop-oft

Linearly reddened UV, visible, and

Nonlinearly reddened UV and visible
reflectance; relatively weak, sym-
metric feature at 0.95 ym

Relatively constant visible and IR re-
flectance; UV drop-oft

Strong reflectance decrease > 0.8 um;
weak features at 0.65 and 0.95 um;
nearly linear UV and blue reflec-

Relatively constant visible and IR re-
flectance; relatively strong UV drop-

ool Orbital
Asteroid parameters

1 Ceres a=271 AU.
e = 0.08
i = 10.6°

2 Pallas a =277 AU.
e =023
i = 34.8°

3 Juno a =267 AU.
e =025
i=13.0°

4 Vesta a = 2.36 A.U.
e = 0.09
i=11°

0.65 pm

6 Hebe a =243 AU
e = 0.21
i=148°

7 Iris a =239 AU
¢ = 0.24
i=15.5°

8 Flora a =220 AU
e = 0.16
i=5.9°

10 Hygiea a=23.14 AU
e =0.10
i=3.8°

13 Egeria a =258 AU
e = 0.09
i=16.5°

16 Psyche a =292 AU
e = 0.14 IR reflectance
i=3.1°

192 Nausikaa a =240 AU
e =025
i=6.8°

324 Bamberga a =269 AU.
e = 0.36
i=11.2°

354 Eleonora a = 2.80 A.U.
e =0.12
i=18.4°

tance

511 Davida a=13.19 A.U.
e =0.17
i=15.7°

off; probable relatively weak feature
at 1.0 ym

Opaques (carbon)

Opaques (carbon) or
TM-free silicate
(c.g., enstatite)

Metal/silicate = 1
Olivine/pyroxene = 5
Feldspar/olivine = 1

Pyroxcne
Feldspar

Metal/silicate = 1
Pyroxene

Metal/silicate = 0.25
Feldspar/olivine = 2

Metal/silicate = 0.25
Pyroxene

Opaques (carbon)
Olivine

Opaques (carbon)
Metal

Pyroxene
Metal (?)

Opaques (carbon)

Metal/silicate = 0.25
Olivine/pyroxene — 10
Feldspar/olivine = 2

Opaques (carbon)
Olivine (?)

Carbonaceous chondrite (intermediate
metamorphic grade)

Carbonaceous chondrite (low grade)

or enstatite anchondrite

Stony-iron

Basaltic achondrite (eucrite)

Stony-iron

Carbonaceous chondrite (intermediate
to high grade)

Carbonaceous chondrite (intermediate

grade)

Iron meteorite

Carbonaceous chondrite

Carbonaceous chondrite (intermediate
grade)

354
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observed. The mineral assemblages de-
termined for asteroids span the range
found for meteorites (rather than con-
forming to discrete classes). A continu-
ous distribution of cosmologically oc-
curring minerals may exist. A lengthy
report on our interpretation of many
more asteroid spectra further support-
ing and expanding these conclusions is
in preparation (II).

TroMAS B. McCorp

MICHAEL J. GAFFEY
Planetary Astronomy Laboratory,
Department of Earth and Planetary
Sciences, Massachusetts Institute of
Technology, Cambridge 02139
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Volcanic Dust and Meteor Rates

Abstract. A worldwide increase in radar meteor echo rates in 1963 correlates
with the injection of massive quantities of volcanic dust into the upper atmosphere
by the explosion of Mount Agung in Bali in March 1963. The consequent change
in atmospheric radiative heating most probably produced the increase by changing

the air density gradient.

During the years 1960 to 1965 meteor
rate surveys were conducted at the Uni-
versity of Canterbury, Christchurch,
New Zealand (43°S, 173°E). A patrol
radar with all-sky coverage was main-
tained in continuous operation for 3%
years during this period to gather in-
formation on the total meteor influx
into the earth system. The data de-
rived from this radar, which operated
at 69.5 Mhz with a peak pulse power
of 81 kw, has been reported by Ellyett
and Keay (I) and Keay and Ellyett
2).

Examination of the recorded rates
for 1963 showed a considerable excess
in the meteor count compared to cor-
responding months of a previous year
(3). Although this apparent increase
amounted to some 3 X 10° echoes in
1963, it did not appreciably alter the
form of the diurnal rate variation. That
is, the diurnal variation for correspond-
ing months of each year was very
similar. With the year 1961 as a basis
of comparison, the excess rates for
1963 were computed and are plotted
in Fig. 1A.

A similar increase in radar meteor
rates was also reported from Ottawa,
Ontario (45°N, 76°W) (4), where a
patrol radar was operated continuously
from 1958 to 1966 at 32.7 Mhz with
a peak power of 20 kw (5). The ex-
cess rates for the years 1963 to 1966
are plotted in Fig. 2, where the 1958
1962 rates are taken as the basis of
comparison. The standard deviation
shown in the pre-1963 data is also
plotted on the same graph. It can be
seen that the excess rates here are not
as spectacular as those recorded in
New Zealand, but are still well above
the standard deviation values for the
months of May through September.

Echoes with durations greater than

8 seconds were separated in the
Canadian data, and it was shown that
there was no statistically significant in-
crease for these echoes (4). That is,
the anomalous increase observed was
restricted to the smaller meteors.

In both New Zealand and Canada
the observed phenomena seem to be
periodic, with an annual recurrence.
The effect was first apparent in- the
Southern Hemisphere at the end of

March 1963 and displayed a winter
maximum in the months of June and
July, which recurred on successive
years, but with reduced magnitude. The
year 1964 looks anomalously low in a
series of possibly decaying peaks. In
the Northern Hemisphere the effect
occurred initially in May 1963, but on
following years recurred in the winter
months January through March or
April, with 1964-1965 also being
anomalously low.

The possible causal agencies of the
effect are exhausted if we consider the
following three spheres: extraterrestrial,
man-made, or terrestrial. An extra-
terrestrial cause implies an increased
particulate influx to the atmosphere.
This influx, restricted to the smaller
particles, would have had to extend
over a period of some months. Al-
though it is conceivable that planetary
perturbations may have shifted the
course of a single shower so that the
earth now swept through its high-
density core, it is difficult to imagine
an agency whereby the influx was in-
creased by the magnitude and for the
duration observed. It also does mot
explain the fact that the recurring vari-
ations seem to be 6 months out of
phase between opposite hemispheres.
Furthermore, the facts that the form
of the monthly mean diurnal variation
remained unchanged and the ratio of
maximum to minimum diurnal rates
showed little scatter from year to year
(2) seem to exclude the possibility of
an increased particle influx as the cause
of the rate increase.

A man-made agency suggested as a
possible cause for the phenomenon was
the reentry of orbiting dipoles or
needles. In an experiment titled “Proj-
ect West Ford,” 22.7 kg of copper
dipoles were dispensed into a short-
lived, near polar orbit on 12 May 1963
(6). The objection to this explanation
is that the observed increase at Christ-
church commenced before the orbital
injection of the dipoles, and recurred
long after all trace of the dipoles had
vanished (7). The diurnal variation of
the observ:d rates would also be ex-
pected to show pronounced peaks
every 12 sidereal hours as the observ-
ing station passed bencath the orbit.
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