
The elements are the longitude of 
node (0f), longitude of perigee (W), 
inclination to ecliptic (1), eccentricity 
(e), equinox location (E), and obliq- 
uity of ecliptic (e). Eccentricity e must 
be divided by 206265 to be returned 
to dimensionless units. These values are 
to be considered as observed correc- 
tions to the rates adopted in the Brown 
lunar theory (for Q, 1, 1, e), the equinox 
implicit in the FK4 coordinate system 
(for E), and Newcomb's theoretical 
rate of change of obliquity (for e). 

In our opinion, the formal standard 
deviations given above may safely be 
doubled to obtain realistic error esti- 
mates, because of the difficulties in- 
herent in making such error estimates 
from independent investigations. On 
that basis, we do not consider the 
rates for the inclination or the obliq- 
uity to be statistically significant. The 
solution for obliquity does not dis- 
tinguish between Newcomb's theoretical 
obliquity motion (Ase = 0) and the 
observed value (A e = - 0.3) (4). 

The rate of change of the eccentricity 
of the moon's orbit does appear to be 
statistically significant, although only 
marginally. Perhaps we have here an 
indication of the action of tidal friction 
on the shape of the moon's orbit, which 
contradicts the general assumption that 
tidal friction affects only the mean mo- 
tion of the moon within observational 
accuracy. 

The value AdE/dT represents the mo- 
tion of the FK4 equinox relative to an 
ideal, or dynamical, equinox. By it- 
self, it does not necessarily imply a 
correction to precession. However, it 
seems to be consistent with recent re- 
sults (5), which imply a correction 
to lunisolar precession of + 1.10 sec- 
onds per century, together with an 
equinox motion of + 1.20 ? 0.11 sec- 
onds per century. 

The values of AO and AM have been 
corrected for equinox motion by using 
the results found here for AE. Dis- 
cordances between theoretical and ob- 
served values for these rates have been 
discussed by many authors, the most 
recent being Eckert (6). The correc- 
tions to the observed rates given here 
should help to resolve those discord- 
ances. 

In particular, the parameters g' (mass 
distribution) and f (ratio of moments of 
inertia) discussed by Eckert would be- 
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solution presented here is adopted. Such 
a g' value would require denser mass 
distribution near the lunar surface than 
at the moon's center. 
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Recent lunar orbiter results tend to 
fix g' near + 0.60. If that value is cor- 
rect, there is still a large, unexplained 
motion of the nodes of the lunar orbit 
of about - 6.3 second per century, ac- 
cording to Eckert's results (6). If we 
also accept Baierlein's opinion (7), 
then the discrepancy is further in- 
creased by the amount of the geodesic 
precession and becomes - 8.2 second 
per century. 

C. F. MARTIN 
Aeronautical Chart and Information 
Center, St. Louis, Missouri 63118 

T. C. VAN FLANDERN 
U.S. Naval Observatory, 
Washington, D.C. 20390 
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Helium Isotope Effect in 

Solution in Water and Seawater 

Abstract. The isotope effect in the 
solution of helium in water from 0? to 
40?C has been determined by micro- 
gasometric measurements of the solu- 
bilities of pure helium-3 and helium-4. 
At 0?C helium-3 is less soluble than 
helium-4 in both distilled water and sea- 
water by 1.2 percent. The observed 
fractionation factor is 0.988 ?. 0.002 
at 0?C and appears to decrease with 
increasing temperature at the rate of 
0.0001 per degree Centigrade, although 
the existence of this trend is of limited 
statistical certainty. The measured iso- 
tope effect is in agreement with the 
ratio of helium-3 to helium-4 in surface 
ocean water reported by Clarke, Beg, 
and Craig. 

The recent discovery by Clarke et al. 
(1) of excess He3 in the sea, attributed 
to primordial helium, focuses new at- 
tention on the importance of measuring 
the effect of isotopic fractionation in 
the solution of He3-He4 mixtures in sea- 
water. Similarly, the degree to which 
He3/He4 ratios in natural gases (2, 3) 
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(1) of excess He3 in the sea, attributed 
to primordial helium, focuses new at- 
tention on the importance of measuring 
the effect of isotopic fractionation in 
the solution of He3-He4 mixtures in sea- 
water. Similarly, the degree to which 
He3/He4 ratios in natural gases (2, 3) 
are affected by solubility interaction 
with groundwaters (4) depends upon 
the isotopic fractionation factor. Final- 
ly, data on isotopic effects in the solu- 
tion of gases in water are of interest 
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with reference to the structure of water 
(5, 6). Therefore this report presents 
precise determinations of the differences 
between He3 and He4 solubilities at sev- 
eral temperatures in distilled water and 
in seawater as part of a more extensive 
series of rare gas solubility measure- 
ments made in this laboratory. 

Solubility determinations were made 
by the Scholander microgasometric 
technique as used by Douglas (7) with 
minor modification (8). Pure He3 and 
He4 gas were used (9). After a simple 
temperature correction this method 
gives the Bunsen solubility coefficient, 
namely, the volume of gas (at standard 
temperature and pressure) absorbed per 
unit volume of liquid at the temperature 
of the measurement when the partial 
pressure of the gas is 1 atm. 

Isotopic fractionation effects are re- 
ported in terms of the isotopic fraction- 
ation factor a, defined here as 

(He'/He4) aqueous phase - K4 _a 
(He'/He4) gas phase K -, 

where K is the Henry's law constant 
and ,B is the measured Bunsen solubility 
coefficient. Thus, (a- 1) X 102 is the 
single-stage percentage enrichment of 
the He3/He4 ratio in the aqueous phase 
relative to that in the gas phase. 

Values of 8f and (a - 1) for distilled 
water and for seawater with a salinity 
of 36.425 per mil are listed in Table 1. 
Values of (a - 1) calculated from the 
mean measured Bunsen solubility co- 
efficients are given at various tempera- 
tures for each type of water. A stan- 
dard error of 0.2 percent for each value 
of (a - 1) was calculated from the dis- 
persion of the 52 individual solubility 
coefficient measurements. Systematic ef- 
fects which do not cancel when the sol- 
ubility ratio is taken are estimated to 
introduce an additional error of 0.1 per- 
cent in (a - 1). 

If we compare the results for both 
types of water, the isotopic fraction- 
ation in seawater is, on the average, 0.2 
percent greater than that in distilled 
water. The t-test and the rank sum 
test were used to evaluate the statistical 
significance of this difference. Both tests 
failed to establish a significant differ- 
ence between values for distilled water 
and those for seawater at the 60 percent 
confidence level. Values of (a-1) 
were therefore taken to be independent 
of salinity over the range studied. 
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The existence of a trend in (a - 1) 
with temperature is suggested by the 
observation that the values at 40?C 
show a greater fractionation than any 
of the values at lower temperature. 
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Table 1. Solubilities of He3 and He4 and calculated isotopic fractionation values for distilled 
water and seawater at various temperatures. Values shown in columns 2 and 3 are the mean 
of the number of measurements listed in parentheses; ranges shown are ? 1 standard deviation. 

Tempera- Bunsen solubility coefficient X 103 (a-1) 
ture 
(?C) He3 He4 (%) 

Distilled water 
0.60 9.254 ? 0.026 (4) 9.355 ? 0.004 (4) -1.1 

20.11 8.620 0.016 (4) 8.724 0.024 (6) -1.2 
40.14 8.574 + 0.019 (5) 8.713 ? 0.036 (4) -1.6 

Seawater, salinity 36.425 per mil 
0.07 7.655 ?0.012 (4) 7.771 ? 0.025 (5) -1.5 

20.13 7.339 ?0.009 (4) 7.420 ? 0.029 (4) -1.1 
40.46 7.346 ? 0.028 (4) 7.488 ? 0.015 (4) -1.9 

Table 1. Solubilities of He3 and He4 and calculated isotopic fractionation values for distilled 
water and seawater at various temperatures. Values shown in columns 2 and 3 are the mean 
of the number of measurements listed in parentheses; ranges shown are ? 1 standard deviation. 

Tempera- Bunsen solubility coefficient X 103 (a-1) 
ture 
(?C) He3 He4 (%) 

Distilled water 
0.60 9.254 ? 0.026 (4) 9.355 ? 0.004 (4) -1.1 

20.11 8.620 0.016 (4) 8.724 0.024 (6) -1.2 
40.14 8.574 + 0.019 (5) 8.713 ? 0.036 (4) -1.6 

Seawater, salinity 36.425 per mil 
0.07 7.655 ?0.012 (4) 7.771 ? 0.025 (5) -1.5 

20.13 7.339 ?0.009 (4) 7.420 ? 0.029 (4) -1.1 
40.46 7.346 ? 0.028 (4) 7.488 ? 0.015 (4) -1.9 

Since the Bunsen coefficients for He3 
and He4 both pass through a minimum 
at around 30?C, an increase in frac- 
tionation might be explained by a 
greater mass dependence in the proc- 
esses which govern solubility at temper- 
atures above the minimum. 

Without enough values of (a - 1) to 
justify a more complex treatment, the 
data were fitted to a linear least-squares 
regression line: 

(-l)% = ( - 1.16?0.18) - 
(0.011 -+- 0.007)t 

where t is the temperature in degrees 
Centigrade and the errors in the con- 
stants represent 1 standard deviation. 
The 0.28 percent standard deviation of 
the data about the line is in good agree- 
ment with the expected value of 0.3 
percent. From the error in the second 
coefficient it is estimated that the ex- 
istence of a trend in (a - 1) with tem- 
perature can be established only at the 
80 percent confidence level. 

Although the results show that no 
gross variations in the fractionation fac- 
tor occur over the salinity and tempera- 
ture range studied, further experimental 
work is needed to precisely establish the 
nature of such variations. At present 
(a -1) for distilled water and sea- 
water is best represented as - 1.2 per- 
cent ? 0.2 percent at 0?C, with this 
value becoming more negative by 0.1 
percent with each 10?C increase in 
temperature. 

The results show that for helium the 
Henry's law constant is lower for the 
heavier isotope than for the lighter iso- 
tope. The same effect was found by 
Klots and Benson (6) for isotopes of 
oxygen and nitrogen, although the dif- 
ference was only ,--0.08 percent for 
both gases. A larger isotope effect 
would be expected for helium since 
there is a much larger percentage mass 
difference between its isotopes and be- 
cause it is a monatomic gas. 

Clark et al. (1) report that the He3/ 
He4 ratio in their one sample of surface 
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ocean water is depleted by 1.8 percent 
? 1.1 percent relative to the ratio in 
air, where the error quoted is ? 1 stan- 
dard deviation. At the temperature of 
their sample (18?C), the results re- 
ported here predict a fractionation of 
- 1.4 percent ? 0.2 percent and are 
therefore in good agreement with their 
work. 

R. F. WEISS 
Scripps Institution of Oceanography, 
University of California, San Diego, 
La Jolla 92037 
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Xenon Hexafluoride: Structure 

of a Cubic Phase at - 80?C 

Abstract. The crystal structure of a 
cubic phase of composition XeF6 has 
been determined at -80?C. There are 
no simple molecules in the complex 
structure which involves 1008 atoms 
distributed over 1600 positions per unit 
cell. Ions of XeFs+ and F- are asso- 
ciated in tetrameric and hexameric 
rings of point group symmetries 4 and 
32, respectively. The structure contains 
right- and left-handed conformations of 
both tetramers and hexamers. The 
handedness of the tetramers is dis- 
ordered but the orientation is ordered. 
The handedness of the hexamers is or- 
dered but the orientation is disordered. 

We here report the structure of a 
cubic phase of composition XeF6. The 
properties of material of this composi- 
tion pose unusual problems in all states 
of matter, whether gas, liquid, or solid 
(1). The multiplicity of symmetry re- 
lations in cubic space groups with their 
concomitant restrictions on possible 
spatial distributions suggests that a 
cubic phase should be the favored sub- 
ject for study in the exceptional cases 
where the option is available. 

In 1965 the existence of cubic XeF6 
was reported (2), with the probable 
space group F43c or Fm3c and a = 
25.34 ? 0.05 A (temperature not speci- 
fied). We find that well-formed crystals 
of cubic XeF6 invariably result when 
capillaries of FEP (fluorinated ethylene 
propylene copolymer) partly filled with 
XeF6 are maintained at 18?C for sev- 
eral days. The sodium fluoride complex- 
ing method was used to prepare and 
purify XeF6 (3). The FEP capillaries 
were prefluorinated with XeF6 and 
heat-sealed after introduction of the 
specimens. The crystals give increasing- 
ly stronger x-ray reflections as the tem- 
perature is lowered. A temperature of 
- 80?C was selected for intensity mea- 
surement as a compromise between 
quality of data and experimental dif- 
ficulties. Details of the x-ray cryostat 
will be described elsewhere (4). 

A crystal with dimensions 1 by 0.5 
by 0.2 mm was used to measure 1023 
unique reflections extending out to d* 
= 1.4 A-1; Mo radiation, a scintilla- 
tion counter, and the stationary crystal 
technique with 10-second counts and 
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tion counter, and the stationary crystal 
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each reflection were used. With the high 
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