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The Meteorite-Asteroid Connection: The Infrared 

Spectra of Eucrites, Shergottites, and Vesta 

Abstract. Infrared reflectance spectra have been obtained for the meteorites Sher- 
gotty and Allan Hills (ALHA) 77005, a unique achondrite apparently related to the 
shergottites. Comparisons with the reflectance spectra of eucrites and asteroid 4 
Vesta indicate that the surface of Vesta is covered with eucrite-like basalts and that, 
if shergottite-like basalts are present on the surface of Vesta, they must be a minor 
rock type. The paradox that both the eucrite and shergottite parent bodies should 

presently exist is examined. The preferred solution is that both eucrites and shergot- 
tites are derived from Vesta, and that this asteroid is compositionally and isotopi- 
cally heterogeneous; however, other possible solutions cannot be ruled out. 
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of meteorites is the attempt to place th 
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obtained in an astronomical contexl 
Thus far this endeavor has met wit 
mixed success. Three meteorites (Pr 
bram, Lost City, and Innisfree) fc 
which orbits may be calculated fror 
photographic records of their atmosphe] 
ic entry (1) appear to have originated i 
the main asteroid belt, whereas som 
meteor showers are associated wit 
cometary orbits (for example, the r 
Aquarids and Orionids with com< 
P/Halley). A more direct association ha 
been made by McCord et al. (2) betwee 
asteroid 4 Vesta and the basaltic achoi 
drites. McCord et al. and other workel 
(3, 4) have noted that the visible an 
near-infrared reflectance spectrum < 
Vesta is unique among main belt aste 
oids of diameter greater than - 50 ki 
and is closely matched by two subclasse 
of the basaltic achondrites, the eucrite 
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Fig. 1. Spectral reflectance of asteroid 4 Ves 
and meteorites Nobleboro (a eucrite), She 
gotty (a shergottite), and ALHA 77005 
shergottite-related achondrite). All spect 
were obtained with a Fourier spectrometer 
the spectral range 4,000 to 12,000 cm-l (0.8 
2.5 ,um) with a resolution of 25 cm-. 
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y and howardites. This development led 
e Consolmagno and Drake (5) to calculate 
n the bulk composition of the parent planet 
t. of the eucrites. These investigators con- 
h cluded that the mantle of the eucrite par- 
i- ent planet should constitute > 90 per- 
)r cent of the planet and should be domi- 
m nated by olivine with lesser amounts of 
r- pyroxene, plagioclase, spinel, and metal. 
in Had the parent planet been completely 
ie disrupted, Consolmagno and Drake (5) 
th concluded that we would expect to ob- 
7- serve at least nine times as many meteor- 
et ites representative of the mantle as mete- 
is orites representative of the basaltic crust 
n (eucrites and howardites). The absence 
n- of a single meteorite with the character- 
rs istics of this mantle leads to the con- 
ld clusion that the eucrite parent planet 
of must still be intact and should be cov- 
r- ered with basalts. Consolmagno and 
m Drake (5) argued on dynamical and geo- 
es chemical grounds that all major planets 
es and their satellites, together with com- 

ets, could be eliminated from candidacy, 
although Drake (6) listed certain caveats. 
By default, the asteroids remain as the 

o possible location of the eucrite parent 
body. As Vesta is the only large (diame- 

< ter, > 50 km) asteroid with an appropri- 
< ate surface composition, Consolmagno 

and Drake (5) proposed that Vesta is the 
? source of basaltic achondrites. Certain 
= dynamical objections to this proposition 

have been raised by Wetherill (7) and 

I have been discussed by Hostetler and 
I Drake (8). 
z The eucrites are not the only type of 
X meteoritic basalts, and it has been noted 

(6, 9) that the arguments presented by 
Consolmagno and Drake (5) in favor of 
Vesta as the eucrite parent body apply 
equally well to the shergottites. The 
shergottites are basaltic lavas derived by 
the melting of a material with different 

ta oxygen isotopic composition and volatile 
r- content from those of the eucrites (10). If 
(a the spectral reflectances of shergottites 
in are indistinguishable from those of eu- 
to crites, astronomical observations of Ves- 

ta could not resolve this ambiguity. In 
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order to resolve the candidacy of Vesta 
as the eucrite parent body from its can- 
didacy as the shergottite parent body, we 
have carried out infrared reflectance 
measurements on Shergotty and on Al- 
lan Hills (ALHA) 77005, a meteorite ap- 
parently related to the shergottites (11). 

The measurements were made with 
the Fourier spectrometer used by Feier- 
berg et al. (4) in an earlier study of Ves- 
ta, eucrites, and howardites. Figure 1 
presents the infrared reflectance spec- 
trum of Vesta along with those of finely 
powered samples of Nobleboro (a eu- 
crite), Shergotty, and ALHA 77005. Oli- 
vine, pyroxene and feldspar, the major 
mineral components of achondrites, 
have Fe2+ absorption bands in the in- 
frared which are diagnostic of composi- 
tion (12). All four spectra contain a pair 
of absorption bands centered near 0.9 
and 2.0 tm, due to the presence of py- 
roxene. In the spectrum of ALHA 77005, 
the short-wavelength band is blended 
with an olivine absorption band centered 
at 1.1 ,/m. The spectra of Nobleboro and 
Shergotty each have an inflection from 
1.1 to 1.4 am due to a feldspar absorp- 
tion band centered at 1.25 ,tm. The posi- 
tions of the two pyroxene bands are 
known to shift to longer wavelengths 
with increasing iron and calcium abun- 
dances (13). Figure 2 shows the trend of 
band positions for ALHA 77005, Vesta, 
Nobleboro, and Shergotty. The pyrox- 
enes on Vesta fall in the middle of the 
compositional range of pyroxenes in eu- 
crites and howardites, whereas the py- 
roxenes in Shergotty and ALHA 77005 
fall well outside this range. The band po- 
sition of Shergotty is consistent with the 
calcium-rich composition of the Shergot- 
ty pyroxenes, and the band position of 
ALHA 77005 is consistent with the low- 
iron composition of the pyroxene in 
ALHA 77005. 

806 

~/ Q' Fig. 2. The relation- 
~/ .s'P ship of observed in- 

~/i^4" 3Zfrared band positions 
N4Y'ppt' ~ to composition for py- 

?' roxenes. The dotted 
line represents the 

"'5^ eletrend toward longer 
,+t, wavelengths with in- 

creasing iron and cal- 
cium abundance as 
determined by Adams 
(13). Band positions 

Scatter in samples determined from the 
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pyroxene line spectra in Fig. 1 are 
closed circles. 
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The meteorite ALHA 77005 is prob- 
ably a cumulate rock formed earlier than 
the shergottites from the same or a simi- 
lar parent magma, although there is a 
lesser probability that it is a completely 
remelted sample of the source region 
from which the shergottite magmas were 
derived (11). In either case, ALHA 
77005 would not be expected to have 
been a major constituent of the surface 
of its parent planet. Shergotty has the 
properties of a surface lava. If shergot- 
tites are present on the surface of Vesta, 
they must constitute a minor rock type, 
since tight constraints on the upper limits 
of spectral variation with rotation for 
Vesta (4) rule out major local concentra- 
tions of any rock types with spectral re- 
flectances differing from those of eu- 
crites and howardites. 

We note the paradox that both the 
eucrite and shergottite parent planets 
should be extant, and that we have only 
one candidate (Vesta) for both at pres- 
ent. Several solutions to this paradox are 
possible. 

1) The shergottite parent body is in el- 
liptical orbit with high eccentricity, and 
is undetected with modern astronomical 
instruments because of its present large 
distance from the sun. Such orbits are 
characteristic of comets, however, and 
the igneous differentiation event record- 
ed in the shergottites would be expected 
to vaporize cometary ices unless the 
comets were assembled subsequent to 
differentiation and disruption of the orig- 
inal shergottite parent planet. 

2) Asteroid 349 Dembowska is the 
shergottite parent planet. This large, 
main-belt asteroid is located near a 
Kirkwood gap, a dynamically favorable 
source of meteorites (7). McCord and 
Chapman (14) noted that the reflectance 
spectrum of Dembowska is similar to 
that of an LL6 ordinary chondrite, but 

subsequent interpretations (4, 15) have 
favored an olivine-rich achondritic com- 
position. The reflectance spectrum of 
ALHA 77005 is indistinguishable from 
that of an LL6 ordinary chondrite. Thus 
the surface of Dembowska could plau- 
sibly be interpreted as the exposed 
mantle of the shergottite parent planet. 
This interpretation contradicts the argu- 
ment above that the crust of the shergot- 
tite planet should still be intact, but the 
small number of samples and the possi- 
bility that ALHA 77005 is derived from 
the mantle make this argument weaker 
than in the case of the eucrite parent 
planet. 

3) The shergottite parent planet is a 
main-belt asteroid with a diameter of less 
than - 50 km. Observations of cumulate 
eucrites by Walker et al. (16) indicate 
that the eucrite parent body was at least 
20 to 200 km in diameter. If ALHA 77005 
is a cumulate from the shergottite parent 
body, similar studies may show that it is 
improbable that the shergottite parent 
planet is small. 

4) The eucrites and shergottites were 
produced by partial melting in, or impact 
melting of, a single isotopically and com- 
positionally heterogeneous parent body. 
Certainly there is theoretical (17) and ob- 
servational (18) evidence for the assem- 
bly of materials from different locations 
in the solar system in a single body. 
Were Vesta this body, the shergottites 
must comprise a minor fraction of the 
surface lavas. This requirement is con- 
sistent with the small number of shergot- 
tites (Shergotty, Zagami, ALHA 77005?) 
relative to eucrites and howardites pres- 
ent in our museum collections. Other as- 
teroids can be eliminated as candidates 
because none have reflectance spectra 
characteristic of basaltic lavas. 

5) The shergottites are derived from 
Mars. Wasson and Wetherill (19) and 
McSween et al. (20) have suggested that 
meteorites could be derived from Mars 
and that, if any meteorite came from 
Mars, Shergotty is the best candidate 
(19). The mechanism consists of acceler- 
ation to escape velocity as a result of the 
volatilization of martian permafrost. 
Wasson and Wetherill noted the problem 
that the cosmic-ray exposure age of 2 x 
106 years is short in comparison with the 
rubidium-strontium and argon ages of 
- 2 x 108 years, implying that the 

ejected mass must have had dimensions 
of at least 5 m and possibly as large as 
100 m. It is unclear if such large masses 
can be ejected from Mars without being 
totally melted. 

Our preferred solution to the paradox 
is that Vesta is the parent body of both 
the eucrites and shergottites, and that it 
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is chemically and isotopically hetero- 
geneous. The dynamical difficulties (7) 
encountered in delivering meteorites 
from Vesta to Earth suggest that Vesta 
has a low probability of being the source 
of these meteorites. Moreover, the 
young rubidium-strontium and argon 
ages of the shergottites are difficult to un- 
derstand if they come from a small object 
such as Vesta, because recent internal 
heating is unlikely and impacts create 
only a small volume of total melt relative 
to unmelted material. However, the oth- 
er solutions examined also have diffi- 
culties and appear to be even more im- 
probable, on the basis of our current 
state of knowledge. At present, no mete- 
orite group has been associated unequiv- 
ocally with an existing astronomical ob- 
ject. Nevertheless, meteorites are sam- 
ples from elsewhere in the solar system 
delivered to Earth at no cost. In view of 
the chemical similarities between Earth 
and shergottites, and the moon and eu- 
crites, the plausible identification of 
these meteorite types with an astronomi- 
cal object is an important contribution to 
our knowledge of the distribution of 
chemical composition in the solar sys- 
tem. 
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Human Taste: Response and Taste Bud 

Number in Fungiform Papillae 

Abstract. The number of basic taste qualities registered by single human fung- 
iform papillae is correlated with the number of taste buds borne on these papillae. 
Multiple sensitivity was demonstrated both in single fungiform papillae and in single 
taste buds, with response to all four of the basic taste qualities occurring in a single 
taste bud. 
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taste bud. 

Taste depends on an interaction be- 
tween stimulus ions or molecules and re- 
ceptors located in taste buds. On the 
mammalian tongue, taste buds are found 
on the circumvallate, foliate, and fung- 
iform papillae (1). Fungiform papillae, 
because they are easily located and sepa- 
rated from other structures on the dorsal 
anterior part of the tongue, have been 
the most convenient experimental sys- 
tem for both psychophysical and elec- 
trophysiological studies of taste. Some 
psychophysical experiments (2, 3) have 
indicated that single fungiform papillae 
react to only one of the four basic taste 
qualities (salt, sweet, sour, and bitter), 
whereas others have shown that more 
than one taste can be identified by a 
single papilla (4-9). In addition, not all 
fungiform papillae can be stimulated (6- 
9). These conflicting reports have raised 
the questions of whether a single papilla 
can respond to more than one taste quali- 
ty and, if so, whether the number of taste 
qualities recognized is related to the 
number of taste buds borne by that pa- 
pilla, especially since taste bud numbers 
seem to vary more than is usually as- 
sumed (10). 
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We compared the number of taste 
qualities recognized with the number of 
taste buds present per papilla in a total of 
110 fungiform papillae of 31 volunteer 
subjects (11). The volunteers ranged in 
age from 18 to 35 and were in good gen- 
eral and oral health. Before the tests be- 
gan, volunteers were familiarized with 
the techniques involved in stimulating 
both a small area on the anterior part of 
the tongue and single papillae (6, 8, 12); 
they were also given preliminary tests 
for response to all of the taste solutions. 
Nine other potential volunteers were ex- 
cluded during these preliminary tests be- 
cause they reported taste sensations with 
both distilled and tap water or because 
they were unable to distinguish among 
the four taste qualities (or both). 

The concentration of taste solutions 
was adequate to ensure a strong taste 
sensation without being painful. Analyti- 
cal reagent 10 percent sodium chloride 
(1.7M), 2 percent citric acid (0.1M), 0.01 
percent quinine hydrochloride (0.025M), 
and 40 percent sucrose (1.2M; com- 
mercial grade) solutions made in glass- 
distilled water and stored frozen were 
used as test solutions; distilled water was 

We compared the number of taste 
qualities recognized with the number of 
taste buds present per papilla in a total of 
110 fungiform papillae of 31 volunteer 
subjects (11). The volunteers ranged in 
age from 18 to 35 and were in good gen- 
eral and oral health. Before the tests be- 
gan, volunteers were familiarized with 
the techniques involved in stimulating 
both a small area on the anterior part of 
the tongue and single papillae (6, 8, 12); 
they were also given preliminary tests 
for response to all of the taste solutions. 
Nine other potential volunteers were ex- 
cluded during these preliminary tests be- 
cause they reported taste sensations with 
both distilled and tap water or because 
they were unable to distinguish among 
the four taste qualities (or both). 

The concentration of taste solutions 
was adequate to ensure a strong taste 
sensation without being painful. Analyti- 
cal reagent 10 percent sodium chloride 
(1.7M), 2 percent citric acid (0.1M), 0.01 
percent quinine hydrochloride (0.025M), 
and 40 percent sucrose (1.2M; com- 
mercial grade) solutions made in glass- 
distilled water and stored frozen were 
used as test solutions; distilled water was 

Fig. 1. Upper portion of a fungiform papilla showing a single taste bud (arrow). The bar in- 
dicates 0.25 mm. 
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