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Near-Earth Asteroids: Possible Sources from

Reflectance Spectroscopy

Abstract. Spectra of near-Earth asteroids were compared to spectra of selected
asteroids, planets, and satellites to determine possible source regions. The diversity
of reflectance spectra of the near-Earth asteroids implies different mineralogical
compositions and hence more than one source region. The presence of near-Earth
asteroid spectral signatures similar to those of certain main-belt asteroids supports
models that derive some of these asteroids from the 5 :2 Kirkwood gap and the Flora
family by gravitational perturbations. Planetary and satellite surfaces are different in
composition than the near-Earth asteroids, which is in agreement with theoretical
arguments that such bodies should not be sources. Some near-Earth asteroids supply
portions of Earth’s meteorite flux, but other sources must also contribute.
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Among solar system objects are a
group of small asteroids that temporarily
(mean lifetime, ~107 to 10° years) occu-
py orbits crossing those of some or all of
the terrestrial planets. These asteroids
have not been explored by spacecraft
and have only recently been studied re-
motely from ground-based telescopes.
They include the Apollos, with orbits
crossing that of Earth; the Atens, a sub-
set of Apollos with semimajor axes less
than that of Earth’s orbit; and Amors,
with orbits that cross that of Mars and
approach Earth. These bodies, collec-
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tively called near-Earth asteroids
(NEA'’s), are defined as solid bodies that
are large enough to be seen with a tele-
scope and have a perihelion distance less
than that of Mars.

Clues to the evolution of small bodies
in the solar system can be derived from
knowledge of their places of origin. Un-
like the asteroids of the main belt be-
tween Mars and Jupiter, the orbits of
NEA'’s are not stable over the lifetime of
the solar system (/). They collide with
planets or are ejected from the solar
system, thus requiring a source and
mechanism that places them in planet-
crossing orbits. Hypothesized source re-
gions include asteroids near dynamically
unstable regions of the main belt (Kirk-
wood gaps and secular resonances) (2, 3)
and volatile-free remnants of comets (4).
Understanding the relation of NEA’s to
meteorites should help constrain mecha-
nisms resulting in collisions with the
earth (5). There are currently 83 known
NEA’s. Their possible source regions

Fig. 1. Reflectance
spectra of two aster-
oids that agree to
within experimental
error. Albedo of 1580
Betulia is 0.03 to 0.06,
albedo of Pallas is
0.06, from radiomet-
ric measurements.
Spectra are scaled to
1.0 at 0.56 pm by con-
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and the relations of NEA’s to meteorites
are examined through mineralogical in-
terpretation of 17 NEA reflectance spec-
tra (6, 7).

Determining genetic links or relations
between NEA’s and other solar system
objects is hindered by the absence of
field relations (the object is not found
with its parent body). Since mineralogy
is controlled by initial chemistry, tem-
perature, and pressure, the presence of
the same minerals in the same propor-
tions on two different solar system ob-
jects implies that they underwent a simi-
lar evolution and may have formed in the
same region of the solar system. In this
analysis, two objects are inferred to have
the same minerals present in the same
proportions if their reflectance spectra
and albedo agree to within experimental
error (Fig. 1). This technique is convinc-
ing when absorption bands that are diag-
nostic of particular minerals are present.
Spectral reflectance measurements of
mineral mixtures, controlled for compo-
sition and relative abundance, have been
studied in the laboratory to relate these
variables to absorption band characteris-
tics (band position, strength, and width).
The albedo criterion may account for the
presence or absence of a spectrally neu-
tral absorber (such as elemental carbon
or certain spinels). Particle size, possibly
controlled by primary processes such as
cooling rate or secondary regolith-form-
ing processes (collisions), is also expect-
ed to affect the albedo. The strength of
an absorption band is a function of parti-
cle size. It is possible that the two crite-
ria for determining mineralogical similar-
ity eliminate truly related objects if one
underwent either preferential comminu-
tion of its mineral constituents or lost a
fine-grained regolith, leaving a bare rock
of larger grains. We assume that the
optical properties of asteroid surfaces
have not been significantly altered by
secondary processes since there is gen-
erally no observational evidence for this
(8). Another interpretive constraint is
that not all asteroid spectra have promi-
nent absorption bands. In this case there
is uncertainty in the interpretive tech-
nique that cannot be evaluated, but the
presence of strongly featured minerals
can be ruled out.

We evaluated the NEA spectra (6, 7)
and previously measured spectra of
about 300 asteroids (9) and of other plan-
etary surfaces (/0). These data are not
uniform in terms of spectral coverage
and signal-to-noise ratio. If no albedo
measurement exists or there is limited
overlap of spectral coverage, a mineral-
ogical and petrological similarity is only
suggested. We compared reflectance and
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albedo of NEA’s with those of planets
and satellites in the solar system. Be-
cause we assumed that the composition
of asteroids which have been perturbed
from resonances and Kirkwood gaps in
the main belt is similar to those now near
these regions, we examined genetic links
by comparing their reflectance and albe-
do with those of NEA'’s.

Meteoritic assemblages have been
classified on the basis of spectral fea-
tures and albedo (/1). Comparison of
spectra of meteorites and NEA’s (Fig. 2)
were made under the assumption that the
texture of the asteroids is similar to
powdered meteorite samples. Previously
measured meteorites are from interior
portions of selected specimens for which
the effects of terrestrial weathering,
which results in a distinctive spectral
signature, are negligible. The relation
between mineralogy and reflectance
spectra of meteorites has been estab-
lished by direct measurements. Differ-
ences in reflectance larger than experi-
mental error indicate the presence of
different minerals, different proportions
of the same minerals, or different tex-
tures.

None of the NEA’s showed the spec-
tral characteristics of known geological
units on the moon, Mercury, Mars, or
the satellites of the outer solar system.
Most had strong ultraviolet and near
infrared absorption bands, indicating the
presence of mafic silicates (most com-
monly olivine and pyroxene) and the
absence of materials and physical pro-
cesses that would mask these absorp-
tions (6, 7). Only 40 percent of the main-
belt asteroids have these features,
whereas 75 percent of NEA’s have them.

Reflectance spectra for 32 main-belt
asteroids within 0.1 AU of the 5:2 Kirk-
wood gap were compared with NEA
spectra. Four NEA’s showed reflectance
spectra and albedos similar to seven
main-belt asteroids near the 5:2 Kirk-
wood gap (Table 1) (/2). The spectra
indicated a plausible genetic relation be-
tween 1580 Betulia, an Amor-type NEA,
and 2 Pallas, a large main-belt asteroid
with a distinct reflectance spectrum (Fig.
1). The orbit of 2 Pallas is close to the 5:2
Kirkwood gap. Spectral analysis of 1685
Toro (an Apollo-type NEA) suggests
mineralogical similarity to asteroid 349
Dembowska, also located near the 5:2
Kirkwood gap (7). The NEA’s 1036 Gan-
ymed (/3) and 1620 Geographos, whose
spectra are indistinguishable, have the
same reflectance and albedo as five other
asteroids near the 5:2 Kirkwood gap
(Table 1).

Near the vg resonance, there is one
suggested analog, 18 Melpomene, to an
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Fig. 2. Scaled (to 1.0
at 0.56 pm) reflec-
tance spectrum of an
NEA and a meteorite
powder that agree to
within  experimental
erTor.
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NEA. There are 11 previously measured
spectra (9) in or near the vg resonance
(I14). Among 18 members of the Flora
family, which is also located near the vy
resonance, 1036 Ganymed and 1620 Geo-
graphos have similar spectral reflectance
and albedo as 1058 Grubba (15). In addi-
tion, there are three suggested analogs to
seven other members of the Flora family
(Table 1).

The NEA 1915 Quetzalcoatl has a min-
eralogical composition similar to one
hemisphere of the main-belt asteroid 4
Vesta (Fig. 3). Vesta is located in a
stable region of the asteroid belt. This is
so far the only analog found to an NEA
that is not associated with a dynamical
family or gravitationally depleted region
of the asteroid belt.

Among the 73 main-belt asteroids

Table 1. Near-Earth asteroids and plausible
main-belt parent bodies.

Main-belt
asteroids

Near-Earth
asteroides

5:2 Kirkwood gap

1580 Betulia 2 Pallas

1685 Toro 349 Dembowska

1036 Ganymed, 1620 68 Leto
Geographos

1036 Ganymed, 1620 471 Papagena
Geographos

1036 Ganymed, 1620 354 Eleonora
Geographos

1036 Ganymed, 1620 39 Laetitia
Geographos

1036 Ganymed, 1620 532 Herculina
Geographos

Ve
18 Melpomene
Flora family
1058 Grubba

3102 1981QA

1620 Geographos,
1036 Ganymed

887 Alinda, 1036 1055 Tynka
Ganymed

887 Alinda, 3102 1830 Pogson
1981QA

1036 Ganymed 453 Tea

1862 Apollo 1088 Mitaka

3102 1981QA
3102 1981QA

1449 Virtanen
341 California

0.60 0.80 1.00
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crossing Mars’ orbit (excluding the
Amors), seven have measured reflec-
tance spectra (1/6). None of these were
found to be spectrally similar to the
measured population of NEA’s. Only
three members of the Phocaea family
(17) have measured reflectance spectra;
none show mineralogic similarity to any
measured NEA. The 3:1 Kirkwood gap
region, proposed as a major source of
ordinary chondrites (2), is poorly sam-
pled. Among 7 of 14 asteroids near the
2:1 Kirkwood gap (/8), none had spec-
tral features similar to those of NEA’s.

Meteoritic analogs of type 3 carbona-
ceous chondrites (C3), LL4 ordinary
chondrites (Fig. 2), and the diogenite
subclass of basaltic achondrites were
found from comparisons with NEA re-
flectance spectra. With an albedo mea-
surement the interpretation of the spec-
trum of 1980A A may result in the finding
of an additional ordinary chondrite ana-
log to black, shocked chondrites (the
albedo must be low). An albedo mea-
surement should also discriminate be-
tween two possible interpretations of
NEA 3102 1981QA, which may be a C3
or type 6 enstatite chondrite (E6) as
judged by its reflectance spectrum. The
spectrum of the Aten asteroid 2100 Ra-
Shalom, was not characteristic of either
a type 2 (C2) or C3. It was interpreted to
be a more olivine-rich C2 assemblage or
intermediate between C2 and C3.

No meteoritic analogs were found for
five NEA spectra (19). This suggests the
presence of asteroidal assemblages that
are not represented in the meteorite col-
lection. In  addition, irons and many
types of chondrites and basaltic achon-
drites are not represented.

The absence of NEA’s similar in com-
position to the satellites of the outer
solar system is consistent with the the-
ory of the chemical composition of the
outer solar system (20) that predicts the
presence of low-temperature conden-
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Fig. 3. Orthopyrox-
ene dominated hemi-
sphere of 4 Vesta
compared to 1915
Quetzalcoatl, two ba-
saltic achondrite ana-
logs in the solar sys-
tem. Datum at 0.76
pm of the NEA is de-
leted as a result of
nonlinear atmospher-
ic fluctuations in O,.
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sates from the solar nebula at large helio-
centric distances. These assemblages are
apparently not common in the near-
Earth population.

Differences in spectral reflectance
greater than the experimental error
among the NEA’s (6, 7) imply different
surface compositions and multiple par-
ent bodies or origin from different re-
gions of a large parent body. These par-
ent bodies appear to be in different dy-
namical regions of the asteroid belt, al-
though some candidates are found in
more than one source region.

The compositional structure of the
main asteroid belt has been described in
three different data sets (27). In the inner
asteroid belt, the predominance of high-
albedo asteroids which are highly reflec-
tive in the near infrared and have strong
ultraviolet absorptions and near infrared
absorption bands of varying strength
(taxonomic type S), is well established.
Some NEA’s have surface compositions
similar to these asteroids. It is therefore
likely that 1036 Ganymed, 1620 Geogra-
phos, and 433 Eros originated from the
inner belt. Dynamical considerations are
consistent with this experimentally de-
rived correlation for some regions of the
inner belt such as the 5:2 Kirkwood gap
and possibly the Flora family.

Both 1580 Betulia and 2 Pallas have
high orbital inclinations (52° and 35°,
respectively) in addition to inferred simi-
lar surface composition. That only two
of all measured asteroids have this spec-
trum and albedo further supports a possi-
ble genetic link between these two ob-
jects. These observational results indi-
cate a plausible dynamical relation be-
tween them.

Observational evidence indicates that

1915 Quetzalcoatl has a surface assem-
blage similar to one hemisphere of 4
Vesta. Although Vesta is the only known
main-belt asteroid with a basaltic achon-
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drite-type assemblage, dynamics appar-
ently argue against Vesta being the actu-
al parent body of this meteorite class
(22). The presence of such an assem-
blage on a NEA provides a more dynam-
ically favored parent for these meteor-
ites. But the presence of only two known
basaltic achondrite parent body candi-
dates, one in a short-lived orbit, does not
eliminate a possible relation between
Vesta and Quetzalcoatl. The absence or
rarity of analogs among Mars-crossers,
the Phocaea family, and the v resonance
cannot be considered significant without
a wider sample of these asteroids.

The absence of analogs to NEA’s near
the 2:1resonance will probably hold true
since spectra of 50 percent of the popula-
tion with diameters greater than 60 km
have been examined. The predominance
of S type NEA’s compared to the dark
(taxonomic type C) spectrally neutral
asteroids common near the 2:1 Kirk-
wood gap support this conclusion (21).
Observational data do not support the
2:1 Kirkwood gap as a source region of
NEA'’s.

The C3 meteoritic analog (887 Alinda)
has a strong ultraviolet and weak 1.0-pm
absorption. It would be classified ac-
cording to asteroid taxonomy as an S
type but is not to be confused with the
low-albedo, spectrally flat C-type aster-
oids.

The LIL4 ordinary chondrite analog
1862 Apollo more closely matches the
spectral features and albedo of LL4-type
spectra than asteroids previously desig-
nated as ordinary chondrite analogs (23).
New data argue against these previous
designations (7). And 1862 Apollo has
broadband photometric properties that
are statistically different from those of S-
type asteroids and from previously des-
ignated ordinary chondrite analogs (24).
Apparently, few if any S-type asteroids
are ordinary chondrite analogs (25). The

conditions for the délivery and survival
of meteorites (26) are sufficiently strin-
gent to preclude the assumption that all
asteroid compositions are represented in
the meteorite collection.

The absence of analogs to the diverse
group of metallic iron meteorites sup-
ports models concluding that their
sources are in orbits with longer mean
lifetimes than the NEA’s (5). The aster-
oids for which no meteoritic analogs
were found apparently do not contribute
significantly to the meteorite population
or else have not yet been recovered as
meteorites. The parent bodies of meteor-
ites for which there are presently no
analogs among NEA’s may simply be (i)
as yet undiscovered or characterized, (ii)
too small to be studied as asteroids or
(iii) located in regions where asteroids
have not yet been found, such as the
Lagrangian points of the earth-sun sys-
tem (27).
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Phytoplankton Blooming Off the U.S. East Coast:

A Satellite Description

Abstract. A “bloom’’ of near-surface phytoplankton occurs in the Atlantic Slope
region of the western Atlantic Ocean off the U.S. East Coast in the spring. Satellite
time series of sea-surface temperature and phytoplankton pigment concentration,
derived from measurements of the National Oceanic and Atmospheric Administra-
tion NOAA-7 Advanced Very-High-Resolution Radiometer and the National Aero-
nautics and Space Administration Nimbus-7 Coastal Zone Color Scanner, respec-
tively, give information on the spatial extent and temporal development of such a
bloom for a 28-day period in April through May 1982. The phytoplankton concentra-
tion of the slope area is comparable to that of the Atlantic Shelf. Total primary
productivity of the slope during this period is equivalent to that of the shelf. The
primary productivity within a warm-core ring and in the Gulf Stream system is less by

a factor of 2.
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The ‘‘spring bloom’’ is a biological
phenomenon that occurs during the tem-
perate-zone transition from winter to
spring in which phytoplankton are ob-
served to grow rapidly. It is a dramatic
example of the direct response of an
oceanic biological process to changes in
the physical environment. The classical
explanation for the spring bloom was
given by Riley (/, 2) and Sverdrup (3).
During the winter, the breakdown of
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vertical stratification and the associated
deep vertical mixing cause increased
amounts of nutrients to be transferred
into the euphotic zone. However, the
same process cycles phytoplankton out
of and into this zone (which is shallow in
winter because of the reduced solar radi-
ation incident on the sea surface). As a
result, in winter the phytoplankton expe-
rience average light levels that are too
low to allow net productivity in the water
column, in spite of the elevated nutrient
concentrations in the euphotic zone. The
onset of the seasonal stratification, due
to the warming of the surface waters in
the spring, limits the vertical mixing to
the upper tens of meters; this restricts
the vertical movement of phytoplankton,
for the most part, to the euphotic zone.
Phytoplankton are then able to utilize
this light- and nutrient-rich environment
to reproduce in large numbers, thus
blooming or flowering in a short period
of time.

Typically, the concentration of chloro-
phyll a is used as an indicator of phyto-
plankton biomass because of the ease
with which this quantity can be mea-
sured fluorometrically (4). In work with
color imagery, however, the sum of the
near-surface concentrations of chloro-
phyll a and pheopigments (henceforth

referred to as the pigment concentration)
is used as an index of phytoplankton
biomass. At the pigment concentrations
encountered, it should make no appre-
ciable difference whether one uses the
chlorophyll a concentration or the pig-
ment concentration since the pheopig-
ment concentration is typically only 10
percent or less of the chlorophyll a con-
centration (5, 6), which is well below the
inherent error in our satellite-derived es-
timate of the pigment concentration (7).

Satellite imagery provides a synoptic
view of the ocean surface over large
areal extents and extended time periods,
an accomplishment that was not possible
with traditional oceanographic measure-
ments. In the past, efforts have been
made to acquire a time series of a partic-
ular region from repeated ship visits to
single sites. For example, Menzel and
Ryther (8) reported the results of one of
the few complete long-term biological
time series in the northwestern Sargasso
Sea. They found that the chlorophyll a
concentration in near-surface waters
reached peak levels (1 mg m™3) in early
spring, dropped during the summer to
0.1 mg m™3, rose slightly in the fall (0.5
mg m~3), and then dropped again in late
fall. However, they were not able to
observe evolution of the spatial structure
from their single station. Ryther and
Yentsch (9) presented a biomass time
series for the Atlantic Slope and the
Atlantic Shelf, which indicated a bloom
in the slope region (to 2 mg m~>) during
April. Their data (9) showed a major
bloom (7 mg m~3) on the shelf in Febru-
ary and March. Cox et al. (10) computed
vertical profiles of chlorophyll on a
monthly basis for the northern Sargasso
Sea and the slope region. They found
surface values in the slope waters of 0.45
mg m ™3 in March, with maximum values
of 2.9 mg m™? in late April; these results
underscore the difference in the timing
and the magnitude of blooms in different
regions off the U.S. East Coast. O’Reilly
and Busch (/1) presented data that em-
phasize the wide variety of blooms in
subregions of the northwestern Atlantic
Shelf waters. The slope region they ex-
amined was a narrow band near the shelf
break, which reached a productivity
maximum (1.5 g of carbon per square
meter per day) in April and May whereas
during the rest of the year it was half this
amount.

The new satellite technology can pro-
vide a comprehensive overview of the
surface temperature and pigments in sev-
eral regions of the open ocean simulta-
neously. Data for four areas are present-
ed here, including selected areas of the
shelf, the slope, the Gulf Stream, and a
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