be employed. Any fixed allocation of Dop-
pler frequency to the two paths will result
in errors in 7 which could reach 100 per-
cent or more.

It is not clear whether the continuing
studies will make it possible to determine,
from the Pioneer data, credible results of
sufficient accuracy to be of significance in
the study of Jupiter’s atmosphere. How-
ever, certain of the problems illustrate the
importance of designing spacecraft radio
systems with prior consideration of their
potential use in radio experiments. Impor-
tant progress is being made, but much re-
mains to be done (13). Continual improve-
ments are important in related measure-
ment, analysis, and theoretical efforts to
help realize the potential of such experi-
ments. In addition, other details can have
profound effects on accuracy. For ex-
ample, Eq. 7 shows that for vertical occul-
tations or occultations near the equator or
pole, oblateness uncertainties would cause
only second-order errors (/4).

It must be concluded that the apparent
agreement of the published T-p profiles for
Pioneer 10 and Pioneer 11 was fortuitous
since they contain magnified errors due to
several different sources. It is possible that
appreciable uncertainty will remain after
final reappraisals of the Pioneer experi-
ment. However, the radio occultation tech-
nique has not yet reached any known fun-
damental limitation to its potential for ac-
curacy and resolution in the study of any
planetary atmosphere. Significant progress
toward this ultimate capability is feasible
for future missions (/3).

VonN R. ESHLEMAN
Center for Radar Astronomy,
Stanford University,
Stanford, California 94305
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Spontaneous Fission-Neutron Fission Xenon: A New Technique

for Dating Geological Events

Abstract. A method for dating geological samples which uses fission product xenon in
a manner similar to the use of radiogenic argon in the ““Ar-**Ar technique has been de-
veloped. The results of stepwise heating experiments for a zircon from the Ahaggar re-
gion in the Sahara are compared to the geochronology determined by the rubidium-
strontium, uranium-thorium-lead, and potassium-argon dating methods.

A notable advance in K-Ar dating con-
sists of fast neutron irradiation of a speci-
men to convert some of the potassium to
¥Ar, and subsequent stepwise heating to
release **Ar and “°Ar (/, 2). In addition to
being inherently more precise (3), this
method has provided reliable ages even in
cases of significant *°Ar loss (2) and can di-
rectly measure disturbed ages in dis-
cordant samples (4). We were thus encour-
aged to try a similar modification of the
U-Xe technique (5) with the aim of devel-
oping a dating method which uses the ratio
of spontaneous fission xenon to neutron
fission xenon to measure the age of terres-
trial samples (6).

A zircon was chosen in an initial attempt
to evaluate this technique, for two reasons.
First, zircons have a relatively high ura-
nium content and have been shown to be
fairly retentive for radiogenic helium (7).
Second, the particular zircon chosen in this
study had previously been dated by the
well-established U-Th-Pb method (8, 9).
The sample, 12.1 mg of zircon M4082
(~10?% grains), was placed in an evacuated
quartz capsule and irradiated in a thermal
neutron flux for 10 hours. A 1-cm length of
1 percent Co-Al wire placed inside the
quartz capsule served as a neutron flux
monitor. Measurement of the y-activity in
the monitor wire relative to that in a cali-
brated Co-Al standard gave a value of
10.2 + 0.1 x 10" cm™? for the integrated
thermal neutron flux. A few days after the

irradiation, the sample was transferred to a
high-vacuum extraction line attached to
the mass spectrometer and heated in steps
of 150° from 200° to 1400°C. The gases
evolved from the sample at each temper-
ature step were exposed to Ti as it cooled
from 800° to 100°C to remove the chem-
ically reactive substances. Xenon was then
separated from the remaining noble gases
by adsorption on activated charcoal held at
Dry Ice temperature, and its isotopic com-
position was measured using a high-
sensitivity mass spectrometer (/0) with
sufficient resolution to separate xenon
isotopes from isobaric hydrocarbons. In-
strumental mass discrimination was deter-
mined by measurements of samples of
xenon prepared from air and comparison
with the accepted values of Nier (11).

From the production mechanisms it can
be shown that the ratio of spontaneous fis-
sions to neutron fissions is given by

S _ UG/ N[N - 1)

N 3y O35 Pl

where A\ and A, are the spontaneous fis-
sion and « decay constants of 28U, o5, is
the thermal neutron fission cross section of
*3U, and ¢t is the integrated neutron flux.
Thus, the fission xenon age for each tem-
perature fraction in terms of measured
quantities is given by

7-1 i 1+ U Ao s 035t
e 28U J \ st /\ IV
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The isotopic composition was assumed
to be a mixture of three components: an at-
mospheric component, a spontaneous fis-
sion component from 238U, and a neutron
fission component from 23U. Since seven
isotopes were measured, two methods of
analysis were available. In the first we used
the isotopes '2Xe and 3°Xe, which are not
produced in significant quantities in the fis-
sion process, and subtracted the atmo-
spheric component from the measured
isotopic composition. The ratio of any two
of the remaining fission isotopes then de-
termined the ratio of the number of spon-
taneous fissions to the number of neutron
fissions from the relation

S _ Yi-RyY}
N RyYi-Yi

where Y{ and Y/ are the absolute spon-
taneous and neutron fission yields of iso-
tope i, and R;; is the measured ratio of fis-
sion xenon in isotope i to that in isotope j.
Although ten dates may be determined in
this way, this represents only four indepen-
dent age determinations. In the second
method we determined S/N by means of
an unweighted least-squares fit (/2) which
analyzed the isotopic composition in terms
of the three components. Since all seven
isotopes of xenon are used in the fit, this
method provides the most precise date.
The dates were calculated using Ay =
8.62 x 10777 year!, A, = 1.54 x 10-1°
year™' (13), and the absolute spontaneous
fission yields of 2*U determined by Young
and Thode (14). It should be noted that if a
different Ay is used our dates are unal-
tered, because of the relationship between
Ast and the absolute spontaneous fission
yields. Other values used in the calcu-
lations were: ¢y, = 563.7 barns (I5),
Y,'1% = 6.83 percent = 6.55 + 0.28 per-
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Fig. 1. Spontaneous fission-neutron fission ages
versus cumulative fission '*¢Xe release.

cent from the reaction '*Xe (n,y) '3*¢Xe
(16). Yields Y,'3, Y32 and Y,'*' were
corrected for incomplete decay of the xe-
non precursors and the decay of '*3Xe by
multiplying the absolute fission chain
yields (17) by the fractions shown in paren-
theses in Table 1. Independent yields for
these corrections were taken from Wahl et
al. (17) and the half-lives from Lederer et
al. (13).

Dates calculated with individual pairs of
isotopes were used to check the three-com-
ponent model for total xenon isotopic
composition. The three-component fit was
satisfactory for all temperature fractions
except that between 650° and 800°C,
where a fourth component enriched in
31Xe and '*?Xe was present. For this frac-
tion, therefore, the date was calculated us-
ing the ratios '**Xe/'**Xe and **Xe/!**Xe.

The zircon concentrate, M4082, came
from In Ouzzal charnockite in the Sahara.
In this general area events at 0.6, 1.1, 1.35,
and 2 billion years have been detected by
the Rb-Sr, K-Ar, and U-Th-Pb methods.
The In Ouzzal formation itself appears to
have the following history: primary deposi-
tion between 3.3 and 2.9 billion years (8,

18) and metamorphism of the granulite
facies at 2.05 billion years (9, 19). The
record of the event at 0.6 billion years is
not very clear from normal zircon system-
atics, even if it is assumed that some gran-
ite of this age intruded into the In Quzzal
formation; on the other hand, U-Th-Pb
systematics clearly show a recent altera-
tion (9).

A plot of the fission xenon age against
the cumulative amount of fission 36Xe ex-
tracted is shown in Fig. 1. A prominent
high-temperature plateau is evident at 2.82
billion years. This date is entirely consist-
ent with the Rb-Sr whole rock age (/8) and
single zircon analysis (9). However, this
age is detected by the U-Th-Pb method
only if zircons are analyzed a single grain
at a time and does not appear if the usual
method of sampling a zircon population by
aggregates of 104 to 10¢ grains is used. In
this respect, fission xenon dating gives in-
formation unobtainable from the usual U-
Th-Pb zircon systematics. Less prominent
plateaus indicate events at 0.6 and 0 billion
years. The latter age was obtained from
the lowest-temperature fractions, in which
no spontaneous fission xenon was detected,
indicating either a very recent loss of spon-
taneous fission xenon (< 0.1 billion years
ago) or a recent incorporation of uranium
near the surface of the zircon grains. The
plateau at 0.6 billion years is not well de-
fined, but the coincidence with an event at
that time affecting the general area from
which this zircon was obtained must be
pointed out. If further studies confirm
these facts it would appear that fission xe-
non dating has provided a more detailed
record of the geological history of this
sample than any other method used thus
far.

In conclusion, fission xenon dating rep-

Table 1. Dates and xenon isotopic composition (relative to '*Xe = 1.000) determined by least-squares fit. For *'Xe, 132Xe, and '**Xe, observed fractions
of neutron fission chain yields are given in parentheses. Standard deviations of the xenon isotopic composition, except where given, were 3 to 4 percent
for the 500° to 650°C temperature step and 1 to 2 percent for the other temperature steps. The 350° to 500°C fraction was lost. Errors given for the ages
donotincludeerrorsin the absolute fission yields. Abbreviation: STP, standard temperature and pressure.

Extraction 16X e
Te?::.?tﬂ?):]ure time after (lei)" (x 10 134y 133 132 131 130X 129
°C) irradiation ars) cm3 STP e € € Xe € Xe
( (hours) ye + 15%)
200-350 86.2 -0.26 +0.15 1.50 1.188 0.516 1.070 0.753 0.119 0.770
(0.676) (0.545) (0.261)
500-650 924 0.03 + 0.30 1.02 1.082 0.441 1.230 0.994 ~0.2 0.810
(0.663) (0.569) 0.277)
650-800 179.7 0.5 +0.3* 1.10 1.091 0.2853 1.312 0.776 0.0985 0.677
(0.438) (0.802) (0.470)
800-950 182.6 0.59 +0.08 1.97 1.144 0.3791 0.677 0.3067 0.0166 0.0849
(0.432) (0.807) (0.475) + 0.0004
950-1100 186.2 1.06 + 0.07 2.54 1.116 0.3505 0.605 0.2266 0.0024 0.0154
(0.424) (0.813) (0.482) =+ 0.0002
1100-1250 189.5 2.58 +0.08 8.81 1.050 0.2504 0.551 0.1716 0.0062
0.416) (0.819) (0.488) +0.0002
1250-1400 192.3 2.82 +0.08 9.60 1.039 0.2388 0.550 0.1615 0.0031
(0.410) (0.823) (0.493) +0.0001

*Calculated by using '**Xe/!3Xe and *Xe/13?Xe; see text.
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resents a new and exciting technique for
geological dating which can be tested and
developed with other examples. The ex-
ample presented here indicates that the re-
sults obtained by this method complement
the information obtained by the classical
Rb-Sr, U-Th-Pb, and K-Ar methods and
that fission xenon dating should prove to
be especially valuable for samples that
have been affected by a complex series of
geological events.
ALBERT TEITSMA

W.B. CLARKE
Department of Physics,
McMaster University,
Hamilton, Ontario, Canada L8S 4K 1
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Supercooling of Water to —-92°C Under Pressure

Abstract. The temperature at which “clean’ supercooled water freezes has been deter-
mined as a function of pressure up to 3 kilobars, using a differential thermal analysis
technique on subdivided water samples. The supercooling limit of such samples, -38°C at
normal pressure, is lowered by initial increase of pressure, reaching a minimum value of

~-92°C at 2.00 kilobars.

Although water is the most intensively
studied of all liquids, there remain impor-
tant and accessible areas of experimenta-
tion in which its properties are quite un-
known. The way in which the profoundly
anomalous character of liquid water has
been emphasized by the recent exploration
of the supercooled liquid region at normal
pressures (/-6) bears testimony to the im-
portance of maximizing the range of pres-
sure and temperature conditions in which
measurements are made. Nothing is
known of the range over which water can
be supercooled under high pressure. To es-
tablish the extent of the unexplored pres-
sure-volume-temperature (PVT) region for
water, we have therefore determined the
limit to supercooling at various pressures
up to 3 kbar. Our results show that over a
considerable range of pressures water can
exist as a liquid at temperatures near
-90°C, the extent of supercooling being
nearly 30°C greater than at | atm.

The low temperature limit to super-
cooling, Ty, is imposed by the onset of ho-
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mogeneous nucleation (crystal initiation
by order fluctuations within the bulk water
phase). We determined Ty by means of a
simple thermocouple differential thermal
analysis technique during cooling of small
pressurized samples. The samples, in which
heterogeneous nucleation was inhibited by
emulsification (7), were isolated in thin-
walled glass tubes at one end of a Ys-inch
stainless steel high-pressure tube, and their
thermal behavior was probed using a col-
linear sample and reference arrangement
(8) in which the pressure-transmitting fluid
served as the reference. To perform a
measurement, oil pressure between 1 and
3000 bars was applied to the sample by
means of a nonfreezing hydrocarbon fluid
and the sample temperature was then low-
ered at ~3° per minute by inserting the
pressure tube plus sample into a glass-
jacketed aluminum cylinder 1 inch in di-
ameter, and cooling the assembly in liquid
nitrogen. After crystallization was ob-
served the samples were reheated to ob-
serve the melting points, Tr, of the ices

formed. Differential and total elec-
tromotive forces were recorded using a
Honeywell two-pen recorder. Results were
reproducible to within chart reading uncer-
tainty except at high pressures, where crys-
tallization apparently proceeds rather slug-
gishly, and some uncertainty in assigning
the temperature at which it commences is
encountered. Attempts to suppress the
crystallization completely, and thus to ob-
tain a vitreous phase of ice directly from
the liquid, have not met with success de-
spite the quenching rate of 180° per minute
which our small thermal mass system
permuits.

Results are shown in Fig. 1 for emul-
sions of water in n-heptane and in a mix-
ture of methylcyclohexane (MCH) plus
methylcyclopentane (MCP), the latter dis-
persant phase being necessary for temper-
atures below the freezing point of n-hep-
tane. Some earlier results obtained with a
more massive pressure cell and larger sam-
ples are included (points denoted under
“cell 1”” in Fig. 1).

The most significant finding is the very
wide region of additional PTX space in
which properties, X, of water can be stud-
ied using techniques suitable for the dis-
persed nature of the sample. It will be pos-
sible to investigate somewhat less extensive
regions with samples of fine-bore capillary
tubes (/-4). Use of glass capillary tubing
treated to withstand high internal pressure
(~3 kbar) (9) should greatly simplify the
exploration of this region.

The other striking feature of the results
reported here is the similarity between the
Ty-pressure function and the equilibrium
melting curve. As the melting points of the
samples show, the break in the Ty-pres-
sure function is associated with a change in
the polymorph of ice being nucleated. The
similarity is interesting because homoge-
neous nucleation is intrinsically a kinetic
phenomenon, whereas the triple point at
2.1 kbar and -22°C is determined only by
the free energies of ice I, ice I11, and water,
which become identical at this point. Ho-
mogeneous nucleation theory (/0) shows
that the probability of occurrence of order
fluctuations large enough to produce viable
crystal nuclei in the supercooled liquid in-
creases with increasing difference between
the free energies of the solid and liquid.
However (10) this dependence will lead to
a break in Ty at the triple point pressure
only if (i) the ice I-water and ice III-water
surface free energies are the same and (ii)
the probability of order fluctuations in the
directions of the two crystal topologies (in-
cluding fluctuation growth and decay con-
stants) are also equivalent. In binary sys-
tems such coincidences are not common,
because specific ordering in the liquid often
favors fluctuations in the direction of one
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