
ages indicated were determined by 14C 
dating or historically. The error bars indi- 
cate the uncertainty in age, based on other 
methods of dating such as fission track 
dating and on circumstantial evidence. 
Bones believed to be older on the basis of 
their stratigraphic location gave equal or 
larger archeological doses in many cases. 

The annual dose was about 0.1 to 0.2 
rad per year for cave formations such as 
stalactites and stalagmites (4); this dose 
rate also seems appropriate for bones ex- 
cavated from calcite caves. A dose rate 
of about 1 rad per year fits the data for 
bones embedded in sandy soil or open 
sites. However, it is known that uranium 
and other elements accumulate in these 
bones, and in some cases uranium con- 
centrations of 10 to 100 parts per million 
have been measured in old bones. The 
annual dose rate should be higher than 1 
rad per year on the basis of the energies 
of a, /3, and y radiation from the ele- 
ments in the 238U and 232Th disintegration 
series, assuming that the parents and 
daughters are in equilibrium. It should 
be noted that fluorination of apatite in 
bone proceeds continuously, and there- 
fore the production rate of radicals, pre- 
sumably of the 0- type in hydroxy- 
apatite, diminishes considerably with 
time. Thus our finding that bones from 
exposed sites can be dated from the ar- 
cheological dose by using an apparent 
annual dose of 1 rad per year might in- 
dicate an equilibrium between an en- 
hancement due to radiation-induced de- 
fect or trap formation and a reduction 
due to impurity accumulation or fluori- 
nation of hydroxyapatite. 

We conclude that ESR dating of bones 
and similar biological materials should 
be useful in archeology and anthropolo- 
gy, especially when thermoluminescence 
dating is difficult. Ages ranging from 
hundreds to millions of years can be de- 
duced without difficulty. Carbon-14 dat- 
ing is limited to about 50,000 years. 
However, application to geological ma- 
terials (6) might be difficult, as the ESR 
signal, which is increased by artificial ra- 
diation, is saturated at high-dose regions 
(about 106 to 107 rads). Thermal stability 
data for radiation-induced defects and 
traps at room temperature indicate that 
they should be stable for millions of 
years, at least in bones. Only a few 
geological materials with low concentra- 
tions of radioactive elements and with 
high stability of defects and traps may be 
dated by ESR, as demonstrated for apa- 
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Radioactive disequilibrium is seen in 
nature under many conditions among the 
members of the uranium and thorium 
decay series, in each of which alpha 
decay plays a prominent role. Earlier ex- 
periments on a specialized material dem- 
onstrated the presence of at least two 
distinct mechanisms for such separations 
of isotopes from their parents. Both are 
the result of recoiling, alpha-decaying 
nuclei (1). One of these, direct ejection 
of the recoiling nucleus from a grain (1, 
2), is physical, depends largely on the 
stopping power of the surroundings, and 
hence is insensitive to the detailed geo- 
chemical environment. It was expected 
that the second, radiation damage fol- 
lowed by chemical attack, would depend 
on the chemistry of pore fluids. This 
mechanism has now been tested and ob- 
served in a series of sensitive experi- 
ments in which implanted recoil nuclei 
were located by the activation of fission 
tracks after different minerals were ex- 
posed to various chemical solutions. 

Because the natural isotopic abun- 
dances of individual elements are nor- 
mally constant, the striking variability 
that has been observed in 234U/238U ratios 
on earth (3) is of special interest. Urani- 
um is of interest economically with re- 
spect to nuclear energy and also geo- 
chemically because its radioactivity can 
be used to measure geological time by a 
variety of techniques in which ratios 
such as 206Pb/238U, 230Th/238U, and 234U/ 
238U are important. 

Similarly, disequilibrium between 
chemically different nuclides in a radio- 
active chain is useful both in understand- 
ing the chemical or physical environment 
in which the decays are occurring and in 
learning how to locate ore deposits or 
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even how to predict earthquakes. As an 
example of the possible applications to 
ore discovery, the sequence of escape 
and migration of 222Rn (a gaseous mem- 
ber of the 238U decay chain) has been 
suggested as a means of locating sub- 
surface uranium deposits (4), and the so- 
lution and transport of 226Ra have been 
thought to form diffuse halos around (5) 
or displaced from (6) uranium deposits. 
In the above-described cases alpha-re- 
coiling nuclei have frequently been in- 
voked as the cause of disequilibrium, but 
direct experimental evidence on the de- 
tailed mechanism or mechanisms has 
been largely lacking. Recoiling nuclei 
from alpha emission could also affect the 
ease of loss of radioisotopes from nucle- 
ar waste that contains transuranic nu- 
clides, since they are commonly alpha- 
emitters. 

When a nucleus that is within about 
200 A of a solid surface undergoes alpha 
decay, the residual nucleus may recoil 
directly from a grain. Such behavior was 
first shown unambiguously by Kigoshi 
(2), who dispersed ZrSiO4 crystals in 
various solutions and observed the build- 
up in the liquid of the 234Th which results 
from the decay of 238U (in turn, it decays 
rather quickly to 234U). For wet rocks or 
soils this mechanism would enrich the 
water in 234U relative to its parent 238U, 
which tends to remain in the solid. The 
same process of direct recoil ejection has 
also been observed by a process in which 
a detector in vacuum is used to catch 
ejected 235U nuclei from the decay of 
239Pu in PuO2 spherules. The study estab- 
lished that the number of such recoils is 
what would be expected from the num- 
ber of decays that occur in the near-sur- 
face regions of the spherules (1). 
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for radon emanation and for the storage of alpha-emitting radioactive waste. 
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A second mechanism that was sug- 
gested as possibly important in nature (1) 
arises from the fact that many of the re- 
coiling nuclei that are ejected from min- 
eral grains become embedded in adjacent 
grains, producing alpha-recoil tracks (7) 
which extend from the surface to the po- 
sition where the nucleus comes to rest. 
Subsequent track etching by natural so- 
lutions may release the recoil nuclei. 
Evidence for this process (I) was given 
for an unusual, synthetic material, but 
until now this process has not been dem- 
onstrated for natural minerals. 

A sensitive test of this mechanism can 
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Fig. 1. Technique for implanting 235U in min- 
erals and for locating the nuclei after treat- 
ment of the mineral with a solution. The 235U 
nuclei that recoil from the alpha decay of 239Pu 
are implanted (step 1), and uranium nuclei are 
found at the end of recoil tracks (just as 234U is 
located in nature). The implanted samples are 
separately exposed to different solutions (step 
2), which may release 235U. The mineral is 
then (step 3) placed next to a track detector, 
and the residue from a dried droplet of the so- 
lution is similarly mounted and both assem- 
blies are exposed to thermal neutrons, which 
induce fission of 235U nuclei; encircled n, neu- 
trons;f, fission fragments. In step 4, the de- 
tectors are etched and the induced fission 
tracks counted to measure how much 235U 
was retained in the mineral and how much 
went into the solution. 
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be carried out if one follows the se- 
quence of steps sketched in Fig. 1. A 
239Pu02 source has the special quality of 
giving 235U as recoiling nuclei. These 
particles will leave tracks similar to the 
recoils from 238U decay, and the im- 
planted nuclei are chemically the same 
as the 234U that results in nature. Be- 
cause 235U nuclei fission with an unusu- 
ally high cross section, they may be sen- 
sitively detected by a process consisting 
of neutron irradiation followed by etch- 
ing of the induced particle tracks (8). The 
235U nuclei are implanted (9) in a mineral, 
it is exposed to a solution, and both it 
and the solution are tested for their 235U 
contents. 

Figure 2 gives an example of the re- 
sults. Here natural quartz samples that 
had been implanted with 235U over a 28- 
day period were treated with water and 
various concentrations of acidic or basic 
solutions for 24 hours, and the solutions 
and the quartz were irradiated with 1016 
thermal neutrons per square centimeter. 
Two control samples were included: one 
received no solution treatment, and the 
other was given a 5-second rinse in dis- 
tilled water. The results of the two treat- 
ments agree, showing that the 235U is em- 
bedded rather than superficially located 
on the quartz. All the solution-treated 
quartz had lost 235U, the average loss 
being about 40 percent. The solutions 
were found to contain most of the lost 
235U, providing a consistency check. 
About 15 percent is missing and may 
have become attached to the walls of the 
container and hence lost from solution. 
One solution shows contamination, giv- 
ing a reading that was higher than the 
amount of 235U that was originally pres- 
ent. Control solutions contained negli- 
gible uranium relative to the signal ob- 
served. The quartz contains less than 
10-7 part per million of uranium (by 
weight) (10). The results of similar exper- 
iments on other silicate structures are al- 
so clear. Fractions of recoil nuclei re- 
moved with 24-hour treatments range 
from 50 to 75 percent for orthoclase (a 
feldspar mineral), 0 to 40 percent for 
muscovite mica (a layer mineral), and 25 
to 80 percent for obsidian (an amorphous 
mineral) (11). 

The variation with time of exposure to 
the solutions needs to be studied care- 
fully. In preliminary experiments, the 
average loss of 235U from muscovite in- 
creased from 37 percent after a 1-day ex- 
posure to the solutions to 50 percent af- 
ter a week's exposure. Even if this loss is 
logarithmic with time, the process of re- 
moval from surface layers would be es- 
sentially complete after only 200 years, 
geologically a short time. 

A striking aspect of the results for 
quartz is that the strength of the solu- 
tions is apparently unimportant. Similar 
results were found for orthoclase. Obsid- 
ian and mica, however, did give larger 
effects for the strongest solutions but 
clear effects even for the weak ones. 

The overall conclusion arising from a 
study of four major minerals-a mica, a 
feldspar, quartz, and a natural glass-is, 
therefore, that virtually any solution will 
remove a significant fraction of alpha-re- 
coil nuclei that have crossed the exposed 
surface of the mineral. If this behavior is 
general to uranium-bearing minerals, it is 
adequate to cause the observed 234U/238U 
anomalies (3) which appear over geologi- 
cal times. Even if minerals that are urani- 
um-rich fail to show the effect, the fact 
that in rocks these accessory minerals 
are adjacent to the common low-uranium 
minerals such as have now been tested 
ensures that recoil nuclei will be injected 
into the abundant minerals where they 
can be removed by solutions. Removal 
of implanted recoil nuclei by exposure to 
solutions is consistent with the experi- 
mental finding that in permanently dry 
environments, such as on the moon, 
there is equilibrium between 238U and 
234U (12). 

The observed behavior has obvious 
implications for the storage of radio- 
active waste that contains alpha emit- 
ters. Whether these nuclides are present 
in a glass or a crystalline material, ex- 
posure of the surface to water is likely to 
lead to removal of radionuclides. A sur- 
face coating that is impervious to water 
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Fig. 2. Tracks per area of 235U-implanted sur- 
face for quartz (open circles) and for solutions 
exposed to quartz (closed half circles); NVT 
represents the neutron dose in neutrons per 
square centimeter. The implantation period 
was 28 days, and the neutron exposure was 
1016 neutrons per square centimeter. Separate 
average readings are given for control sam- 
ples and those that were exposed to the solu- 
tions. For the solutions the average excludes 
the sample with obvious contamination, in- 
dicated as a lower limit. 
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could be useful in preventing such loss- 
es. 

The radionuclide 222Rn, the daughter 
of 226Ra by alpha emission, should also 
be subject to release by the exposure of 
minerals to water. Thus injection of wa- 
ter into formerly dry rock or soil could 
release a pulse of stored radon. Earth 
strains prior to earthquakes together 
with water redistribution which such 
strains may produce could therefore be 
responsible for altered radon concentra- 
tions associated with earthquakes (13). 
Similarly, the recognition of mechanisms 
for radon release has implications with 
respect to the management of uranium 
tailings. 
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The preliminary results of the plasma 
probe, magnetometer, electron temper- 
ature probe, and ion mass spectrometer 
experiments carried out with the Pioneer 
Venus orbiter provided further experi- 
mental evidence in support of the deflec- 
tion into the umbra of the shocked solar 
wind in the vicinity of the planetary ter- 
minator (1, 2). The observed orientation 
of the magnetic field in the near wake is 
suggestive of converging flows, which 
may be confined to the outer regions of 
the umbra, outside a rarefaction wake 
extending several Venus radii (3). The 
geometry of the nightside ionopause in- 
ferred from the results of the mass spec- 
trometer experiment indicates, in addi- 
tion, the presence at low latitudes of a 
prominent ionospheric bulge extending 
up to - 3000 km above the surface. 
Since the entry of solar wind fluxes into 
the umbra is a dynamic condition that 
can be described in terms of a viscous 
interaction between the shocked solar 
wind and the ionospheric material (4), 
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the question arises whether the presence 
of such a bulge is compatible with this 
interpretation. In this report it is shown 
that this feature can be explained as a re- 
sult of differences in efficiency of the vis- 
cous interaction process, which may be 

Wind 

\B "" Terminator 

Fig. 1. Schematic diagram of the flow pattern 
behind Venus. Arrows indicate the motion of 
ionosheath fluxes entering through the polar 
regions and subsequently acting against the 
downstream extension of the middle- and low- 
latitude ionopause (which is represented by a 
cylindrical shape). The interplanetary magnet- 
ic field lines are shown draped around the 
dayside ionopause. 
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severely diminished at middle and low 
latitudes by the accumulation of inter- 
planetary magnetic fluxes. 

Viscous processes are believed to re- 
sult from a strong dynamic interaction 
between the shocked solar wind and the 
ionospheric material. Pseudocollisions 
resulting from efficient wave-particle in- 
teractions should ultimately be respon- 
sible for the collective behavior of the 
plasma and the effective transfer of mo- 
mentum across the ionopause. An im- 
portant consequence of this process is a 
necessary influx of ionosheath particles 
into the umbra to satisfy conservation of 
mass flux. This should occur when the 
kinetic energy density of the local plas- 
ma is larger than the energy density of 
any magnetic field that may permeate 
the region (5). When this condition is not 
met, the motion of the plasma is con- 
trolled by the local magnetic geometry, 
and thus the plasma is inhibited from in- 
teracting dynamically with the stationary 
ionospheric material. Accumulation of 
magnetic fluxes of the ionosheath flow 
around the low- and middle-latitude re- 
gions of the planetary ionosphere should 
impose locally a flow configuration char- 
acterized by the latter condition, so that 
a stable and undeflected inner boundary 
of the ionosheath flow should exist im- 
mediately behind a large section of the 
terminator (magnetopause-like bound- 
ary). At polar latitudes, on the other 
hand, local enhancement of magnetic 
fluxes is expected to be significantly 
smaller, and there should be more effi- 
cient dynamic contact between the iono- 
sheath flow and the ionospheric material. 
These general considerations indicate 
that the accumulation of interplanetary 
magnetic field lines around the iono- 
spheric obstacle should result in a more 
efficient and better developed viscous 
boundary layer at polar latitudes than at 
equatorial latitudes. 

The preferred access of the ionosheath 
flow to the umbra through the high-lati- 
tude regions of the ionopause should re- 
sult in the generation of a characteristic 
circulation flow pattern above the night- 
side hemisphere. To visualize this, it 
must be recognized that the region of re- 
duced plasma pressure downstream from 
the polar terminator is not the only space 
available for the viscously deviated 
plasma. The kinetically induced expan- 
sion should also proceed laterally into 
the adjacent regions located underneath 
the downstream extension of the unde- 
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Viscous Flow Circulation of the Solar Wind Behind Venus 

Abstract. A latitudinal circulation model of solar wind flow in the near wake of 
Venus is presented. It is shown that solar wind fluxes entering through the polar 
terminator can be viscously forced to lower latitudes. The resulting motion produces 
a downstream elongation of the nightside polar ionosphere out to the downstream 
extension of the middle- and low-latitude ionopause. The geometry suggested by this 
flow circulation model provides a simple explanation of the ionospheric bulge in- 
ferred from the Pioneer Venus observations. 
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