
close to the A +  direction obtained from 
the margin of the Kaap Valley pluton to- 
nalite and reflects overprinting of the 
Moodies shale during pluton emplacement. 

Zircon from a dike from the Clutha Mine 
(Fig. 1) that crosscuts the folded Moodies 
sediments has a single-grain Pb-Pb age of 
3224.5 i- 0.4 Ma (Table 3),  indicating that 
the Moodies was folded before this time. 
Because the A magnetization was acauired " 
after folding, it is therefore only constrained 
to be younger than 3224 Ma and may coin- 
cide with the hornblende age of 3214 Ma. 

Our paleomagnetic study of the Kaap 
Valley plutop shows two distinct magnetic 
directions. One is uositive inclination that 
corresponds to an overprint direction caused 
by the intrusion of presumed early Protero- 
zoic dikes and is seen in both the interior 
and margin of the pluton. The other direc- 
tion is characterized by a negative inclina- 
tion in the interior of the pluton (which is 
absent from the pluton margin) and an an- 

tipodal positive inclination in the margin of 
the pluton and in sediments adjacent to the 
pluton (which is present to a lesser degree in 
the pluton interior). This direction is signif- 
icantly different from the present-day mag- 
netic field direction and cannot be correlat- 
ed with the timing of later thermal events 
that could have caused a magnetic over- 
printing. We believe this is a primary mag- 
netlzation, acquired during cooling of the 
pluton at 3214 Ma. The data suggest that a 
reversal of Earth's magnetic field is pre- 
served in the Kaap Valley pluton, making it 
the oldest observed reversal and implying 
that the reversing geo~nagnetic dynamo has 
been operating since the early Archean. 
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Although ordinary chondrite (OC) meteorites dominate observed falls, the identification of 
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Of the meteorites falling to Earth. 80% are " 

stones consisting of olivine and pyroxene, 
which are classified as ordinarv chondrites 
(OCs). They are thought to represent samples 
of the ~rimitive solar nebula that have under- 
gone modest thermal evolution over the age 
of the solar system (1). The most immediate 
sources for meteorites are likely to be near- 
Earth asteroids (Z), which in turn are derived 
predominantly from the main asteroid belt 
(3). Relatively few spectroscopic observations 
of near-Earth asteroids have been obtained 
because of their small sizes, faint apparent 

maenitudes, and limited intervals of visihilitv. " 

Of these measured asteroids, only one (1862 
Apollo) has spectral properties widely recog- 
nized as similar to the laboratory spectral 
~rouerties of OC meteorites (4-6). We now . L 

report the results of a survey of the visible- 
wavelength spectral properties of near-Earth 
asteroids: we find many that appear to have 
spectra similar to OC meteorites. 
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lation of srnall objects distinct from the 
S-class asteroids 18). Our observations do , , 

not reveal a distinct population of Q-class 
objects among small near-Earth asteroids. 

We nlade spectroscopic lneasurements of 
35 near-Earth asteroids, which we have ob- 
tained as target-of-opportunity observations 
over 1991 through 1996. In making these 
observations, we used a low-resolution spec- 
trograph and solid-state charge-coupled de- 
vice (CCD) detectors attached to the 2.4-m 
Hiltner telescope of the Michigan-Dart- 
mouth-Massachusetts Institute of Technol- 
ogy (MDM) Observatory at Kitt Peak, Ar- 
izona (9). Our spectra cover the v~sible- 
wavelength range from 0.45 to 0.95 pm. 
Over these waveleneths, most of the aster- " 

oids categorized within the S class and most 
of the near-Earth asteroids we measured 
display spectra with a moderate absorption 
band near 1 um, which arises owing to the 
presence of kllvlne and pyroxene (TO, 11). 
However, SIX of the near-Earth astero~ds we 
measured have spectra that dlsplay unusu- 
ally deep 1-pm absorption bands (Flg. 1). 
Over our measured wavelength range, the 
spectra of these near-Earth asteroids do not 
resemble 4 Vesta (Fig. lA) ,  but they do 
appear similar to the spectra of 349 Dern- 
bowska and 1862 Apollo (Fig. 1B) ( 1  2 ,  13). 
Although Delnbowska and Apollo clearly 
have distineuishable hear-infrared sDectra " 
(14), such measurements for our set of faint 
near-Earth asteroids are not vet available. 
We make an inference for the ipectra of our 
set of near-Earth asteroids bv conslderine - 
the rnineralogies (based on near-infrared 
measurements) and meteorite analogs for 
Delnbowska and Apollo. Delnhowska is 
considered to he a pyroxene-olivine assem- 
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blage with little or no inetal (14). Apollo is 
interpreted to have a metal, olivine, and 
pyroxene mineralogy similar to that of O C  
meteorites (5). Given that Dembowska is 
an outer main-belt asteroid with no known 
dynamical link to the inner solar system 
and that no Dembowska-like meteorites are 
present in our collections (15), we infer 
that six of our sampled near-Earth objects 
are much more likely to be analogous to the 
OC-like near-Earth asteroid 1862 Apollo. 

The spectra of these six near-Earth as- 
teroids are similar to the laboratory spectra 
of O C  meteorites (Fig. 2). There is consid- 
erable variat lp in measured band depths 
among H, L,' and LL chondrites and for 
metamorphic grades within each of these 
O C  categories (1 6). We find that the aver- 
age for H6 chondrites (a subclass of O C  
meteorites) provides the most consistent 
match to our observations as a whole, but 

- - 349 Dernbowska 
1862 Apollo 

I , ; I , , l  

0.4 0.6 0.8 1 .O 
Wavelength (pm) 

Fig. 1. (A and B) Comparison between the spec- 
tra of six near-Earih asteroids (points) having deep 
1 -pm absorption bands and the spectra of possi- 
bly analogous asteroid types (bold lines). The S 
asteroid and Dembowska spectra are from (9), 
where the former represents an average of several 
hundred asteroids. The Vesta-like spectrum is 
that of the main-belt Vesta fragment 2590 Mourao 
(13). The data for 1862 Apollo (21) have a lower 
resolution, which gives rise to the poorer match in 
curvature at 0.8 pm. All spectra are normalized to 
unity at 0.55 pm (22). 

given our spectral coverage, we are not able 
to distinguish among H, L, or LL chondrite 
analogs for these near-Earth asteroids. 

L. 

In addition to identifying six potential 
OC-like near-Earth asteroids (Fig. 2 ) ,  we 
found 29 that have spectral properties in- 
termediate between those of S asteroids and 
those of O C  meteorites (Fig. 3, A and B). 

These 29 near-Earth asteroids dis~lav a 
L ,  

continuum of 1-pm band depths spanning 
the range between S asteroids and O C  ine- 
teorites (Fig. 3B). Because the spectral dis- 
tribution is continuous rather than discrete, 
our results argue against Apollo-like (Q- 
class) asteroids existing as a group distinct 
from the S class (8). However, our observa- 
tions do not reveal the nature of the factors 
that give rise to this apparent continuum of 
spectral properties. 

Most of the observed near-Earth aster- 

Wavelength (pm) 

Fig. 2. Visible-wavelength reflectance spectra for 
six recently observed near-Earth asteroids (plus 
1862 Apollo) compared with laboratory measure- 
ments for OC meteorites. Superimposed on each 
asteroid spectrum (points) is an OC meteorite 
spectrum (dashed lines) represented by the aver- 
age for H6 chondrites (1 6). All spectra are normal- 
ized to unity at 0.55 pm and are offset veriically by 
0.2 for clarity. Data for 1862 Apollo are from (27). 

oids have estimated diameters of 5 3  km: 
these objects are thus the sinallest asteroids 
that have been spectrally measured to date 
( 1  7). One possibility for the continuum of 
spectral properties is that asteroids in this 
size range are more llkely than are larger 
asteroids to be co~n~osed  of distinct litho- 
logic units derived from larger asteroids, 
thereby giving rise to a greater diversity of 
~nineralogies and spectral properties. For ex- 
ample, larger S asteroids may be composed 
of heterogeneous units for which hemi- 
spherically averaged spectra obtained by 
telescopic techniques cannot reveal the 
presence of distinct units ( 1  0, 18). For this 
scenario, only among a suite of smaller as- 
teroids that individually may be composed 
of discrete units would a continuum of 
lithologies be possible. Another factor is 
that, for a given mineralogy, variations in 
regolith particle sizes and in the abundance 

0.4 0.6 0.8 1 .O 
Wavelength (pm) 

Fig. 3. Visible-wavelength reflection spectra for 
near-Earth asteroids spanning the gulf separating 
the spectra of S asteroids (upper solid line) from 
OC meteorites (lower solid line). (A) Spectra for six 
asteroids are presented to show the range of vari- 
ations for individual objects. (B) Spectra for 35 
near-Earth asteroids (23) are indicated by dashed 
lines only. In both (A) and (B), all spectra are nor- 
malized to unity at 0.55 pm but are not offset. The 
S-asteroid spectrum represents an average from 
main-belt S asteroids (9), and the meteorite spec- 
trum is an average for H6 chondrites (76). 
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of opaque materials can give rise to a range ous small man-belt asterods havng the same cassl- C. R. Chapman, n preparaton 

of absorption band depths silnilar to the f~cation appear to be related to Vesta (73). (A second 21. B. Zelner, D. J. Thoen, E. F. Tedesco, lcarus 61, 
related set of small asterods related to Vesta, denot- 355 (1 985). 

range observed ( 1  4) .  ed the J class, have the same mismatch seen n Fig 22. The d~sperson w ~ t h n  our spectrograph is about 25 
As a final possibility for interpreting the 1A at 0.8 y m  ) Asteroid 349 Dembowska is the only A per p~xel. To ach~eve a higher signal-to-no~se 

object currently assgned to taxonomic class R (4). ratlo for compact pot t~ng in thls report, we further 
observed range of properties span- 13. R. P. Binze and S. Xu, Science 260, 186 (1993) b~nned our data in 10-pixel increments with the 
ning the divide between S asteroids and OC 14. M, J. Gaffey, J. F. Bell, D. P. Cruikshank, n (41, pp. resulting points and error bars represent~ng the 
meteorites, we would suggest that asteroids 98-127. weighted least squares average of each indepen- 

in size range have the most 15. M, J. Gaffey, T. H. Burbine, R. P. B~nzel, Meteoritics dent 10-p~xel sample. 
28, 161 (1 993). 23. The foow~ng near-Earth asteroid spectra are pre- 

diverse range of ages of any asteroid 16. M. J. Gaffey, J. Geophys. Res 81, 905 (1976). We sented in Fig. 38: 433, 1036, 1620, 1627, 1864, 
tion sampled to date. Because significant account for the 0.025-km wavelength calibration er- 1866, 2062, 2063, 21 02, 41 79, 4954, 5143, 5626, 

collisions occur much Inore frequently for '0' 1"heSe data [as reported on P. 91 of M J.  gaffe^, 5660,6053,6489,6455,6569,1989 VA, 1991 BB, 
lcarus 60, 83 (1 984)l. 1991 VK, 1991 WA, 1991 XB, 1992 CC1,1993TQ2, 

"young" fragments Or "fresh" 17. Notable exceptons n our data set are the two arg- 1993 UB, 1993 WD, 1993 XN2, 1994 ABl ,  1994 
surfaces are most likely to be found among est near-Earth asteroids, 433 Eros and 1036 A w l ,  1994 EF2, 1994 TWl, 1995 BL2, 1995 WL8, 

small asteroids (1 9). However, because col- Ganymede, which have estmated d~ameters of >20 and 1995 YA3. 
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