
km, as suggested by the occurrence of 
gabbroic dikes in the peridotites and by 
the approach of the recrystallization 
trend toward the solidus in Fig. 2. The 
peridotites and associated rocks were 
then carried eastward by the spreading 
Gorda plate, eventually to be emplaced 
by thrust-faulting in the western margin 
of the Cordillera. Low-temperature 
serpentinization and formation of rod- 
ingites probably first occurred at shal- 
low depths beneath the ridge, continued 
during eastward transport, culminated 
during tectonic emplacement, and per- 
sisted through Cenozoic time; perhaps 
these processes are continuing today 
(24). 

The sequence of tectonic events 
summarized above provides an explana- 
tion for what were previously thought 
to be anomalous isotopic dates. Many 
K-Ar dates indicate that the late Meso- 
zoic regional metamorphism and di- 
oritic plutonism in southwestern Ore- 
gon and northwestern California oc- 
curred chiefly between 130 and 145 
million years ago (8, 9), but dioritic 
and gabbroic masses within the Car- 
penterville and Snow Camp peridotites 
yielded K-Ar dates on amphiboles of 
215 ? 5 and 285 ? 25 million years, re- 
spective'y (9). The mineralogic evi- 
dence from the peridotites is consistent 
with the previously suggested hypothesis 
that several large blocks of old diorite 
and gabbro have been carried up within 
the mantle peridotite masses, either 
with their isotopic clocks left intact, or 
with excess argon having been incorpo- 
rated into their minerals in a high- 
pressure environment. 
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A Radar Snapshot of Venus 

Abstract. A radar brightness map of Venus has been obtained. It reveals in- 
teresting surface features and much structure over a large area. 

A Radar Snapshot of Venus 

Abstract. A radar brightness map of Venus has been obtained. It reveals in- 
teresting surface features and much structure over a large area. 

We have taken advantage of the re- 
cently increased capability of the Jet 
Propulsion Laboratory's Goldstone 
Tracking Station to obtain a radar 
"snapshot" of the planet Venus. A 
fairly extensive equatorial region 
(13,500 by 7,500 km) has been 
mapped. The resultant resolution of 80 
km is the best yet achieved from Venus. 
The bright feature Alpha shows up 
very clearly, and much of its detail 
is revealed. There is also a host of in- 
teresting radar-bright and radar-dark 
objects. Flaws in the radar map can be 
traced to instrumental effects. 

Venus never subtends an angle 
greater than 0.018? from Earth. Since 
the narrowest radar antenna beam 
available is much larger (0.14?), 
adequate resolution for mapping must 
come from another source. We have 
used time delay (or range gates) and 
frequency shift to obtain the needed 
resolution. 

Range-gating has the effect of divid- 
ing the planet into circles concentric 

We have taken advantage of the re- 
cently increased capability of the Jet 
Propulsion Laboratory's Goldstone 
Tracking Station to obtain a radar 
"snapshot" of the planet Venus. A 
fairly extensive equatorial region 
(13,500 by 7,500 km) has been 
mapped. The resultant resolution of 80 
km is the best yet achieved from Venus. 
The bright feature Alpha shows up 
very clearly, and much of its detail 
is revealed. There is also a host of in- 
teresting radar-bright and radar-dark 
objects. Flaws in the radar map can be 
traced to instrumental effects. 

Venus never subtends an angle 
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with the sub-Earth point. It is accom- 
plished by modulating the transmitted 
signals with a fast waveform and by 
applying the inverse modulation to the 
received signals. Only signals with the 
proper time delay can get through the 
range gate. 

Frequency shift is the result of 
Venus's rotation, acting through the 
Doppler effect. Regions with different 
line-of-sight velocities are distinguish- 
able by their differing frequency shifts. 
Frequency analysis of the range-gaied 
echoes provides the second dimension 
for radar mapping. The resulting spec- 
trograms also divide the planet into 
concentric circles but at right angles 
to the circles produced by range-gating 
(see Fig. 1). 

Note that there is an essential 
ambiguity in this method. Points sym- 
metrically placed about the Doppler 
equator have the same time delay and 
frequency shift. The resolution of this 
ambiguity is discussed later. 

For this experiment we used a 40-km 
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separation between the range gates and 
a comparable separation between Dop- 
pler slices. Data were taken on 17 days 
spaced from 11 March to 16 May 1969, 
during the times of closest approach of 
Venus. Demodulator-filter sets were 
provided for 32 range gates, set for 
contiguous slices of Venus. The output 
of each range gate was further decom- 
posed into 256 Doppler cells, accom- 
plished on-line by an SDS 930 com- 
puter, programmed with a version of 
the fast Fourier transform. The range- 
gated spectra were accumulated for 
about 5 minutes, the round-trip time of 
flight, producing data for 32 X 256 
range-Doppler cells. Alternate 5-minute 
runs were taken for calibration, with 
no signals but with only the system 
noise present. Each run, of signal or 
of calibration, was stored on magnetic 
tape for further processing. 

The raw data recorded during a day's 
observation require considerable proc- 
essing to bring them into a form suit- 
able for map making. We shall describe 
the essential steps of this process. 

During a single day we record as 
many as 60 sets of range-gated spectra; 
half are signal-plus-noise spectra and 
half are of noise only. The signal-plus- 
noise spectra are carefully checked, 
and the "good" ones are accumulated 
to form a single set of range-gated 
spectra. Some loss of resolution is 
caused by accumulating spectra taken 
up to 8 hours apart, but this slight 
smearing is a small price to pay for 
reducing say 30 X 8192 data points to 
only 8192 data points. The spectra of 
noise only are also accumulated and 
are smoothed slightly to reduce the 
variance of the samples. 

Next we divide each data point in 
the signal-plus-noise spectra by the 
corresponding point in the noise spec- 
tra. This division effectively eliminates 
from the data the individual charac- 
teristics of the 32 separate range chan- 
nels. In a fixed range zone, let D 
D(f) be the spectrum that results from 
this division. We can write D as a sum 
of four terms: 

D =-S-N-+B+ C 

where S = S(f) is the signal returned 
from points on Venus that lie in the 
given range zone. The terms N and B 
represent the noise in the data. Term B 
is the expectation of the noise. It is a 
positive constant independent of fre- 
quency and range zone and can be 
thought of as a "base line" for the 
rest of the spectrum. The expression N 
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Fig. 1. Contours of constant time delay 
and of constant frequency shift. 

= N(f) is the residual noise of the sys- 
tem. It has mean zero and is approxi- 
mately Gaussian. The last term, C, 
represents the "cross talk" in the sys- 
tem. It is produced by signal from one 
range zone "leaking" into the other 
range zones in a complicated way. The 
only part of the data that we want for 
map making is the signal S. Nothing 
can be done to remove the noise, but 
the base line and most of the cross 
talk can be eliminated. For this pur- 
pose, we average the spectra from the 
range zones in front of Venus (each 
day the range zones are positioned so 
that at least two of them lie in front 
of the planet). We subtract this aver- 
age spectrum from the remaining 
spectra; thus the base line and about 
two-thirds of the cross talk are elim- 
inated. Most of the remaining cross talk 
is removed by a laborious process, 
which we shall not discuss. The data 
now contain only signal plus noise of 
mean zero. 

One more step of data processing 
remains before map making can start. 
Venus, as well as the other minor 
planets in the solar system, is a highly 
specular radar reflector. The front 
range zones typically return 500 times 
as much power per unit area as those 
halfway back. This tremendous range 
of reflectivities, which makes it difficult 
to measure the original range-gated 
spectra, must be removed from the final 
map to obtain a reasonable picture of 
Venus. To this end, we multiply each 
range-gated spectrum by a suitably 
chosen scale factor. Roughly speaking, 
the scale factors are chosen to make 
the average reflectivity of each range 
zone equal to a constant, say 1. The 
data are now suitable for our mapping 
process. 

It is impossible to construct an un- 
ambiguous map of Venus from a set 
of range-gated spectra taken during a 

short time interval. The reason is ap- 
parent in Fig. 1. Each spectral point 
represents the power returned from a 
single range-Doppler zone on Venus. 
The typical range-Doppler zone con- 
sists of two parts symmetrically lo- 
cated north and south of the Doppler 
equators. There is nothing in the data 
that indicates how much of the mea- 
sured power is from the northern half 
and how much is from the southern 
half. An obvious way to avoid this 
ambiguity is to introduce another vari- 
able (in addition to range and Doppler) 
which can distinguish the northern and 
southern portions of the echo. Inter- 
ferometry introduces phase angles as the 
third variable. An interferometry ex- 
periment is difficult to perform be- 
cause it requires two suitably spaced 
antennas and the ability to maintain 
phase stability between the two sites. 
Nevertheless, this technique has been 
used successfully to map Venus (1). 

Our approach to the problem is to 
observe that Venus and Earth provide 
us with a third variable by virtue of 
their normal motion as planets. The 
effect of this motion is that the range- 
Doppler geometry on Venus is con- 
stantly changing. For example, between 
11 March and 16 May 1969 the sub- 
radar point varied between 0? and 8? 
south of Venus's equator, and the tilt 
of the apparent Doppler equator rela- 
tive to Venus's equator varied compar- 
ably. Theoretically the ambiguity could 
be resolved with just two sets of 
spectra of the same region with dif- 
ferent range-Doppler geometries. In 
our experiment we have 17 sets of 
partially overlapping spectra with vary- 
ing geometries. As can be seen in the 
map, these data were adequate for 
resolving most of the north-south am- 
biguity. The process we use to construct 
the map is based on a standard least- 
squares argument. 

A brief description of our mapping 
process follows. We break the surface 
of Venus into small mapping cells 1/2? 
square in latitude and longitude. We 
form a column vector X whose com- 
ponents are the (unknown) reflectivities 
of these cells; X has about 40,000 com- 
ponents. We also form a column vector 
S with the processed data from all 17 
days of the experiment; S has about 
120,000 components. Making a map 
of Venus is equivalent to finding a 
value for X. The relation between X 
and S is given by the following equa- 
tion 

AX=S (1) 
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where A is a (120,000 X 40,000) mat- 
rix whose components can be computed 
from known experimental parameters 
and the motion of Venus and Earth. 

Obviously, we cannot compute every 
component of a matrix with over 109 
entries. Fortunately, the small size of 
the range-Doppler zones causes A to 
be very sparse; it has only about 10, 
nonzero entries. The least-squares solu- 
tion X of Eq. 1 satisfies the equation 

A AX _ ATS (2) 
where A' is the transpose of A. We 
reduce the number of mapping cells to 
20,000 by combining pairs of cells. 
Then we compute A TA and ATS and 
store the results on a single magnetic 
tape; ATA has about 3 million nonzero 
entries. 

The problem of mapping Venus is 
thus reduced to solving a system of 
20,000 linear equations in 20,000 un- 
knowns. One cannot hope to find an 
exact solution to such a large system 
of equations. We settle for an approxi- 
mate solution, which we find by a sim- 
ple iterative scheme. A good initial 
value of X is needed to start the itera- 

tions. We use a cumulative map of 
Venus, which we make by accumulat- 
ing portions of each range-Doppler 
value into the proper mapping cells, 
giving equal values to north and south. 
The northern and southern halves of 
the cumulative map are quite similar 
but not identical. It is possible, even 
from this initial map, to decide that 
the feature Alpha lies in the southern 
hemisphere of Venus (see Fig. 2a). 

We start with the cumulative map and 
use several iterative schemes to pro- 
duce more accurate maps. Our final 
map is the result of a sequence of 17 
iterations. Further iterations do not 
produce significant changes in the de- 
tails of the map. 

The map has some obvious flaws. 
The worst flaw is probably the "run- 
way"-the strip running approximately 
along Venus's equator, in which the 
map seems to be composed of vertical 
light and dark streaks. The runway 
actually traces out the locus of subradar' 
points during our observations of 
Venus. The lack of resolution in this 
strip is due mainly to the fact that 
range-Doppler measurements give very 

poor resolution close to the subradar 
point. The runway is about 8? wide, 
and resolution is limited in a 15? strip 
centered on the runway. 

Another flaw is the noise apparent at 
the four corners of the map. Noise 
can be recognized by a lack of correla- 
tion between adjacent mapping cells. 
There is little noise between longitudes 
60?W and the prime meridian. 

The north-south ambiguity has been 
resolved quite well in the central por- 
tions of the map, but it is not resolved 
at all in the extreme western and 
eastern portions. These regions were 
only seen for a few days at the begin- 
ning and end of the experiment, and 
the change in the range-Doppler geom- 
etry was not adequate to resolve the 
ambiguity. 

The most prominent success of the 
map is the resolution of the feature 
Alpha. Its existence first became 
known in 1964, where it appeared as 
a strong salient in radar spectrograms 
(2). It is a bright reflecting area that 
has the ability to depolarize radar 
waves, and it is presumably rough to 
the scale of the wavelength 12/2 cm. 

Fig. 2. (a) Cumulative radar map made from all the data, but with no regard 
to the north-south ambiguity. (b) Coordinate frame for Venus. The zero meri- 
dian was chosen to pass through the feature Alpha. Other features discussed in 
the text are outlined. (c) Result of removing most of the ambiguity by least- 
squares technique. 
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This map now shows that Alpha (see 
Fig. 2c) is roundish, is about 1000 km 
across, has a great deal of structure, 
and has its brightest area at the south- 
western edge. The resolution of the 
map is, at best, about twice as good 
as a naked eye view of the moon. 
With such resolution, it is not possible 
to distinguish between mountains, 
craters, fields of boulders, extensive 
lava flows, or other such geological 
formations. 

A similar but smaller bright region 
is located at 14?N, 11?E. A much 
smaller, unresolved, but very bright 
point is found at 19?S, 60?W. These 
bright features are well separated as to 
north-south ambiguity. However, sev- 
eral more such areas in the western 
longitudes are not so separated (see 
Fig. 2b). 

In addition to discrete bright fea- 
tures, there are also discrete areas that 
are radar dark. They are roundish and 
about 300 km across. Examples are 
located at 29?S, 9?W and at 18?S, 
10?W. 

The lack of echoes from these re- 
gions can be attributed either to in- 
trinsic radar absorptivity of the material 
or to unusual smoothness of the sur- 
face. In the case of smoothness, radar 
waves may be reflected strongly, but 
they would not be directed toward 
Earth. This question could be resolved 
if the sub-Earth track were to cross 
one of these interesting regions. 

In addition to the discrete features, 
large generalized dark and bright areas 
are to be seen on the map. These areas 
are not uniform, but they have appreci- 
able structure. Two of the large dark 
areas, at 25?S, 25?W and at 19?N, 
38?W, have small bright points located 
centrally within them. 

During the next inferior conjunction 
of Venus, the sub-Earth track will be 
about 12? farther north, which will 
enable us to obtain data to fill in the 
runway. Furthermore, we may have 
increased radar capability, which will 
allow significantly greater resolution. 

R. M. GOLDSTEIN 
H. RUMSEY, JR. 

Jet Propulsion Laboratory, California 
Institute of Technology, Pasadena 
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Rubidium-Strontium Date of Possibly 3 Billion Years 
for a Granitic Rock from Antarctica 

Abstract. A single total rock sample of biotite granite from Jule Peaks, Ant- 
arctica, has been dated by the rubidium-strontium method at about 3 billion years. 
The juxtaposition of this sector of Antarctica with Africa in the Dietz and Sproll 
continental drift reconstruction results in a possible geochronologic fit of the 
Princess Martha Coast of Antarctica with a covered possible notheastern exten- 
sion of the African Swaziland Shield, which contains granitic rocks that are also 3 
billion years old. 
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A specimen of biotite granite (1) 
from the remote Jule Peaks (Juletop- 
pane Mountain), Antarctica (72?23'S, 
5?33'W; see Fig. 1), has been isotopi- 

Table 1. Rubidium and strontium isotopic 
analyses of total rock biotite granite from 
Jule Peaks, Antarctica (sample No. 1143). 

Dissolu- 87Sr/ 87Rb/ 87Rb 86Sr 
tion 86Sr* 86Sr (,uM/g) (,uM/g) 

1 0.7760 1.64 0.504 0.307 
2 0.7768 1.64 0.501 0.305 

* Normalized to s8Sr/ssSr ratio of 0.1194. 
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cally analyzed for rubidium and stron- 
tium for its radiometric age as related 
to Gondwanaland reconstructions. 

The results of the isotopic analyses 
are listed in Table 1. An age of 3.06 -- 
0.08 billion years was calculated by 
using the decay constant Xp = 1.47 X 
10-11 yr-1 (2) and an assumed initial 
87Sr/86Sr ratio of 0.704 (3). If this as- 
sumption is correct and the Rb/Sr sys- 
tem of the analyzed specimen has re- 
mained closed, the Jule Peaks biotite 
granite represents the oldest rock re- 
ported from Antarctica. 
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Fig. 1. Possible geochronologic fit of 3-billion-year rocks between Africa and 
Antarctica. Juxtaposition of Africa and Antarctica according to Dietz and Sproll (4) 
(m.y., million years; b.y., billion years). 

Table 2. Generalized stratigraphy in region of juxtaposition of Africa and Antarctica in con- 
tinental drift reconstruction (m.y., million years; b.y., billion years). 

Southern Africa (6) Antarctica (1, 6) 

Recent through Cretaceous marine and ter- 
restrial deposits. 

Early Jurassic and late Triassic volcanic Late Paleozoic to Jurassic sedimentary and 
rocks of uppermost Karroo System. volcanic rocks of Upper Beacon and 

Ferrar Groups. 

Early Paleozoic to late Precambrian meta- Early Paleozoic to late Precambrian sedi- 
morphic and granitic rocks of Mozam- mentary and crystalline rocks; K-Ar mini- 
bique Belt; about 440 to 800 m.y. mum (?) ages, about 400 to 550 m.y. 

Precambrian sedimentary rocks of the Precambrian Ahlmannrygg Group sedimen- 
Waterberg-Loskop Systems dated at about tary-volcanic sequence cut by 1700 m.y. 
1400 to 1800 m.y. mafic sills, the Borg Metamafics, which 

are intruded by the 1030 m.y. J6rgen In- 
trusions. 

Early Precambrian granitic and metamorphic Early Precambian granitic rock, Jule Peaks, 
rocks of the Swaziland Shield; 2 to 3 b.y. 3 b.y. (?). 
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