
including any outermost stable layer. We  
achieved an equilibrium state by balancing 
the Revnolds stress of the ~enetra t ive  convec- 
tion rills against the vi'scous shear of the 
mean zonal flow. T h e  alternatelv directed iets 
of the mean zonal wind may be a resul; 
additional instabilities when the mean flow V 
is strong, as suggested by three-dimensional 
numerical simulations (29). Because penetra- 
tive convection inside the cylinder tangent to 
the inner sphere's equator requires a much 
larger temperature gradient to excite, the zon- 
al flow structure in lower latitudes d~ < 45" 
(determined from the size of the metallic in- 
ner core) & fundamentally different from that 
in higher lstitudes. The  confinement of the 
zonal flow jets to the equatorial regions out- 
side the tangent cylinder suggests a rotation- 
ally dominated deep convection origin (15). 
Furthermore, the jovian zonal jets are roughly 
symmetric about the equator and appear to be 
rather stable, indicating that they are con- 
trolled by rotation and deep convection with 
a long time scale. As a consequence of rapid 
rotation and spherical geometry, deep convec- 
tion can readily penetrate through the entire 
H-He envelope and produce a mean zonal 
wind with an  amplitude that can be much 
larger than that of the corresponding nonaxi- 
symmetric (eddy) convective flows. Our re- 
sults on penetrative spherical rotating convec- 
tion have implications for the dynamics of 
Earth's fluid core and the sun's convection 
zone, places where there may be stably strat- 
ified layers (30, 31 ). 
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An Archean Geomagnetic Reversal in the Kaap 
Valley Pluton, South Africa 

Paul W. Layer," Alfred Kroner, Michael McWilliams 

The Kaap Valley pluton in South Africa is a tonalite intrusion associated with the Archean 
Barberton Greenstone Belt. Antipodal paleomagnetic directions determined from the 
central and marginal parts of the pluton record a geomagnetic reversal that occurred as 
the pluton cooled. The age of the reversal is constrained by an 40Ar/39Ar plateau age from 
hornblende at 3214 i 4 million years, making it the oldest known reversal. The data 
presented here suggest that Earth has had a reversing, perhaps dipolar, magnetic field 
since at least 3.2 billion years ago. 

T h e  behavior of Earth's magnetic field is 
preserved in the geologic record and can be 
deciphered with paleomagnetic techniques. 
Wi th  these techniques one can determine 
the  location of the  magnetic pole relative to 
the rock unit a t  the time the  rock cooled 
through its magnetic blocking temperature. 
Knowledge of ancient pole positions and 
magnetic polarities has been used to con- 
struct models of plate motion (superconti- 
nen t  positions and plate velocities) and the  
geomagnetic dynamo (reversal frequency 
and intensity). T h e  usefulness of any paleo- 
magnetic pole is determined by the  stability 
of its magnetization (as determined by, for 
example, stepwise demagnetization, reversal 
tests, fold tests, or contact tests) and the 
ability to determine the time when magne- 
tization was acauired. Few records of Earth's 

geomagnetic field from before 3 billion 
years ago (Ga)  exist. Two early Archean 
paleopole positions for rocks as old as 3.45 
G a  have been r e ~ o r t e d  (1 ), but each studv . . 
yielded only unipolar directions, with few 
stability tests. Here, we used paleomagnetic 
techniques to investigate an  Archean to- 
nalite pluton, and our results, when coupled 
with the  results of a detailed geochrono- 
logic study (2), indicate a 3.2-Ga paleomag- 
netic pole constrained by reversal and con- 
tact tests. Well-documented and dated pa- 
leopoles are necessary to construct apparent 
polar-wander paths, and from these poles 
minimum average Archean plate velocities 
can be calculated (3) .  

T h e  K a a ~  Vallev ~ l u t o n  is a circular , . 
intrusion 30 km in diameter that forms a 
vallev surrounded bv the more mountainous 
~ a r b i r t o n    re ens tone Belt to the  north,  

P. W. Laver. Geolshvsca nstltute. Unversltv of Alaska, east, and south (Fig. 1 ). It is overlain to the 
. u .  

~alrbanks, AK 99+7;, USA west by the early Proterozoic Transvaal Su- 
A. Kroner, nstitut fur Geowissenschaften, Johannes 
Gutenburg-Universitat, 55099 Manz, Germany. pergroup. T h e  Transvaal Supergroup and 
M. McWilliams, De~artment of Geo~hvslcs, Stanford related rocks form a thick sequence with an  
Unverslty, Stanford, CA 94305, USA age range froin 2552 2 11 mdllon years ago 
'To whom correspondence should be addressed (Ma)  a t  the base to 2432 + 31  Ma near the 
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tor, of the seuuence 14). The main Dart of . , 

the Kaap Valley pluton is composed of 
hornblende-biotite tonalite, and the south- 
east margin and several isolated areas are 
composed of hornblende tonalite with little 
or no biotite (5). Pluton elnplace~nent has 
been dated at 3226 ? 4 Ma (2 ,  6) by U-Pb 
dating of zircon, and there is no significant 
age difference between the interior and the 
~narein of the intrusion. Hornblende Sam- " 
pies from the interior and the margin have 
"Ar/39Ar plateau ages of 3214 ? 4 Ma, 
determined by single-grain laser step-heat- 
ing (2). The 13-million year age difference 

between the zircon and hornblende ages 
u 

may reflect cooling that occurred after in- 
trusion of the pluton. Biotite from the in- 
terior has a plateau age of 3142 ? 20 Ma 
(2).  This age also reflects slow pluton cool- 
ing after intrusion and indicates that the 
pluton has not been subjected to any re- 
gional reheating event above -250°C, 
which could have reset the magnetization 
since that time. 

Within the Kaap Valley pluton, 323 ori- 
ented core samples were collected for paleo- 
magnetic study from 46 sites. Twelve sam- 
ples were froln dolerite d~kes of presumed 

Sample localities 

A Group 1 

Group 2 

0 Moodies Group 

0 Dolerite dikes 

Barberton Greenstone Belt Kaap Valley pluton 

Onvenvacht Group Hornblende tonalte /+ Other pluton~c rocks 

F I ~  Tree Group ', Hornblende-b~ot~te tonallte t----( Transvaal Supergroup 

Mood~es Group 

Fig. 1. Generailzed geologic map of the Kaap Valley pluton showlng the locations of the sampllng 
localltles for the paleomagnetic study [adapted from (2)] Group 1 paleomagnetlc sampllng local~tles are 
from the hornblende tonalite phase of the pluton, and group 2 local~ties are from the hornblende biotlte 
phase Localltles are made up of more than one sampllng slte The star IS the locatlon of the Clutha Gold 
Mlne, and the arrow polnts to the iocatlon of the town of Barberton 

Table 1. Kaap Valley pluton paleomagnetlc results. Modal analysis (8) was used to determine the 
characteristic directions of the data set. N is the total number of vectors used to Identify the primary or 
secondary (denoted by an asterisk) mode for each group and polarity. For secondary modes in each 
group and polarity, N is reduced by the number of vectors associated w~th the primary mode. The best 
Fisherian (14) fit to the mode is the direction calculated from a subset of the data (n points). This is used 
to model the precision parameter (I<) and the radius of the 95% confidence circle about the magnetic 
direction (p,,) of the mode, p,, is the error estimator for the mode and is identical to the a,, of the best 
Fisherian fit. Dec., magnetic declination; Inc., magnetic inclination; and deg, degree. 

Group, mode, 
and polarity 

Modal analysis Best Fisherian fit to the mode 

N Dec. (deg) Inc. (deg) 

66 354.1 78.9 
53* 252.2 64.3 
144 21.4 74.1 
113* 261.1 58.8 
97 40.2 -67.7 

n Dec. (deg) Inc, (deg) k P,, 

20 357.3 79.2 27 6.4 
10 251.6 63.5 76 5.6 
25 23.2 73.6 24 6.0 
14 261.1 58.4 40 6.4 
18 40.0 -67.4 48 5.1 

'Secondary mode 
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early Proterozoic age (predicted on the basis 
of crosscutting relations) that pervasively 
cut the Kaap Valley pluton with a general 
northwest trend. In addition, 28 samples 
were collected from seven sites in folded 
shale units of the Moodies Group near its 
contact with the pluton (Fig. 1). The 
Moodies Group is the youngest stratigraph- 
ic unit of the Barberton Greenstone Belt. 

One specimen core from each of the 
tonalite and dike samples was stepwise de- 
magnetized in alternating fields (AFs) up to 
80 mT. One specimen core from the shale 
samples was stepwise thermally demagne- 
tized up to 700°C. Second specimen cores 
from all dike and selected tonalite samr,les 
were also thermally demagnetized, and se- 
lected shale samples were AF-demagnetized 
to determine the stability and identity of 
the magnetic carriers. Measurements were 
done on the Stanford University automated 
cryogenic magnetometer. 

Stable maenetizations were isolated for " 
more than 90% of the tonalite specimens 
durlng demagnetization. Tonalite speci- 
mens varied in natural rernanent magneti- 
zation (NRM) intensity with a mean of 0.5 
to 1.0 A/m and a high of 15 A/m. Speci- 
mens with low NRM intensities (generally 
less than 0.01 A/m) did not display stable 
demagnetization vectors. Thermal demag- 
netization showed that the stable comno- 
nents had unblocking temperatures that 
ranged from 250' to 570°C, although a few 
specimens maintained a consistent direc- 
tion from NRM UD to 700°C. Vector anal- 
ysis was done with a computer-based vec- 
tor-fitting program (7). Vectors were cho- 
sen only if they had at least four consecu- 
tive demagnetization steps lying in a 5'- 
radius cone about the best-fit vector. In 
cases .where specimen cores from the same 
sample were analyzed by both AF and ther- 
mal demagnetization, the vectors obtained 
were within experimental error of each oth- 
er. Within most individual sites, consistent 
directions could not be isolated, but when 
the remanence vectors from all sites were 
plotted, consistent patterns in direction be- 
came apparent. The apparent lack of con- 
sistency within sites may be due to the 
presence of several overprinting magnetiza- 
tions that heterogeneously affected the 
Kaap Valley pluton, or to local remagneti- 
zation induced by lightning. 

For analysis, the population of vectors 
was divided into two groups on the basis of 
pluton petrology. Sites in the hornblende 
tonalite at the pluton margin were assigned 
to group 1, and sites in the hornblende- 
biotite tonalite in the pluton interior were 
assigned to group 2. The data fell into sew 
eral modes or clusters. Contoured stereo- 
grams of the relnanence vectors (Fig. 2)  
showed that there are differences between 



the two populations that may be due to 
either lithology or position in the pluton 
(margin compared with interior). The total 
number of vectors plotted (341) includes 
both primary remanence vectors (vectors 
that pass through the origin) and overprint- 
ing vectors, identified where two distinct 
vectors are seen in a specimen. For exarn- 
ple, in one speci~nen from the pluton inte- 
rior, a vector in mode C1 was seen over- 
printing mode A-. Other specimens from 
that site showed only the C1 direction, 
others showed the A- without an over- 

(Fig. 1) that lies directly to the southwest of 
the Kaap Valley pluton (3 ,  12), and mode 
C2 can be correlated with the magnetic 
direction of the 2875-Ma Usushwana Com- 
olex in Swaziland 13. 13 ). Mode C3 has not 

some A- vectors are seen at the pluton 
margin. 

Shales of the Moodies G r o u ~  were sam- 
pled in the area near the contact with the 
Kaap Valley pluton, in the Saddleback and 
Eureka synclines (Fig. 1). Sites were chosen 
with a wide dispersion of bedding orienta- 
tion so that a fold test could be applied to 
the magnetic vectors obtained from the 

, , 

Leen identified, although a similar direction 
is seen as an overprint in some dike samples, 
implying that it is younger than 2000 Ma. 
The A+ mode is also present in this group, 
although it is less pronounced than in group 
1. It should be noted that the A +  and A- 

- 
specimens. In 15 of 16 sites, a consistent 
magnetic direction (declination = 210°, 
inclination = 6 9 O ,  aq5 = lo0, where ag5 is 
the radius of the 95% confidence circle 
around the mean direction) is seen. The 
Fisherian (14) precision parameter ( k ) ,  a 
measure of the consistencv of the orienta- 

magnetization directions are never seen 
over~rinting B+ or C directions. Because 

print, apd still others showed "random" 
uncorrelqted directions. We have chosen to 
treat all' vectors (overprint and primary) 

u 

the margin of the pluton cooled through 
the magnetic blocking temperature before 
the interior, the pluton records a reversed to 
normal (in present coordinates) polarity 
transition. To separate "margin" and "inte- 

tion of the magnetic vectors, decreases from 
17 to 4 when the beds are restored to oa- 

eq~ally in this analysis. 
The most striking difference between 

C Z  

the two populations is the lack of any sig- 
nificant grouping of negative inclination 
directions in group 1. This group shows only 
two ~osit ive inclination modes, A and B. 

leohorizontal (with and without accounting 
for plunges of the synclines). This decrease 
in k indicates that the vectors are better 
grouped before restoration of the bedding to 
paleohorizontal, implying that the magne- 
tization was acquired after folding of the 
beds. The direction of this magnetization is 

rior" samples, we used the mapped petro- 
logic divisions of hornblende tonalite and 
hornblende-biotite tonalite. It is possible 
that the cooling of the pluton through the 
magnetic blocking temperature did not fol- 
low this petrologic pattern such that some 

~eca;se the two directions are close to each 
other, it was difficult to assign vectors to 

u 

either group for the purposes of statistical 
analysis. Modal analysis was used to identify 
these directions ( 1  1 )  (Table 1). The B 
Inode is identid'al in direction to that from 
the dolerite dikes and from other early Pro- 
terozoic paleolnagnetic poles (9-1 1 ) (Table 
2 ) .  and we attribute this direction to Pro- 

A +  vectors are seen in the interior and 

Group 1 negative 
inclination vectors 

n 

Group 1 posltlve 
lncllnatlon vectors 

n 
I- , 

Fig. 2. Stereocontour plots of the magnet- 
ic vectors obtained from samples from the 
Kaap Valley pluton tonalite. For construc- 
tion of these dagrams, all solated magnet- 
c vectors were plotted on stereonets (1 31 
negative inclinaton vectors and 210 posi- 
tive ~nclination vectors). Vectors are subdi- 
vded into groups 1 and 2 (see Fg.  1). Con- 
tour intervals are 2, 3, 4, 5, 6, 7, and 8 
vectors per square degree of area on the 
net. Negative nclination vectors are plot- 
ted on an upper hemisphere equal-area 
projection, and positve vectors on a lower 
hemisphere projection. The modes s ted  in 
Table 1 are displayed. The other modes 
(CI , C2, and C3) are probably due to mag- 
nefc overprnts caused by later intrusive 
events (12, 13). 

, , 

terozoic overprinting of the tonalite. We 
interpret the A+  direction to be primary; 
that is, it was acquired when the pluton 
cooled. 

Group 2 shows several directional modes 
with the ~ositive inclination B mode as the 34 vectors ' - -- 

/ 

' , 66 vectors ,/ 
, ._-/ ' most significant. The second most promi- 

nent mode is the negative inclination mode Group 2 positive 
inclination vectors 

n 

Group 2 negative 
inclination vectors 

n A-, antipodal to thYe A +  mode from group 
1. Other significant modes in group 2 may 
be related to overprinting of the pluton by 
later intrusions. Mode C1 is similar in di- 
rection to the 3179-Ma Nelshoogte pluton 

97 vectors , 
- - /  

Table 2. Southern Afrlca Archean and Proterozo- 
c paleomagnetc poles A,, IS the radus of the 
95% confidence clrcle about the pole For the 
Kaap Valley samples, g l  refers to group 1 and g2 
to group 2 Lat , lattude, Long., Longtude. 

Table 3. lsotopc data from single-gran zrcon evaporaton. Sample BA33, a feldspar porphyry from 
the Clutha Mine (Fig. I ) ,  was analyzed, Isotopic analyses were performed at the Max-Planck-lnstitut 
fur Chemie in Mainz with a method described in (75). Mass scans are the number of 207Pb/206Pb 
ratios evaluated for age assessment. Mean 207Pb/20GPb is the observed mean ratio corrected for 
nonradogenic Pb where necessary. The 20 errors are based on uncertainties in the countng 
statistics. 

Paleomagnetic pole 
Lat. Long. 
(ON) ("El 

Early Proterozoic (-2000 Ma) 
Kaap Valley B+ (g l )  5 30 
Kaap Valley B+ (g2) 3 41 
Dolerlte dkes 17 44 
Bushved Complex (72) 16 30 
Vredefort Rlng (13) 28 34 
W~twatersrand 19 46 

overprint (14) 
Archean (32 14 Ma) 

Kaap Valley A+ (g l )  -30 340 
Kaap Valley A- (g2) 51 170 
Moodes Group - 55 3 

Evaporation 
Grain Mass scans temperature 

Mean 
207Pb120GPb Age (Ma) 

("C) 

3 
4 
Mean 
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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 maenetization was acauired " 
after folding, ~t is therefore only constrained 
to be younger than 3224 Ma and may coin- 
cide with the hornblende age of 3214 Ma. 

Our paleo~nagnetic study of the Kaap 
Valley plutop shows two distinct magnetic 
directions. One is oositive 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- 
lcantly 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 geomagnetic dynamo has 
been operating since the early Archean. 
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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 made spectroscopic measurements 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 visible- 
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 absorpt~on 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 Dembowska and Apollo clearly 
have distineuishable hear-infrared soectra " 
(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 cons~derine - 
the rnineralogies (based on near-infrared 
measurements) and meteorite analogs for 
Dembowska and Apollo. Demhowska is 
considered to he a pyroxene-olivine assem- 
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